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Abstract

This study investigated the sensitivity, reversibility, and selectivity
response of the thin-film coatings used on the interdigitated gate electrode,
field-effect transistor (IGEFET) gas microsensor. These responses were
quantified based on the dc resistance changes and frequency-domain
responses of the microsensor. The thin-film materials included: copper
phthalocyanine (CuPc), nickel phthalocyanine (NiPc), and cobalt
phthalocyanine (CoPc). The challenge gases included: diisopropyl

methlyphosphonate (DIMP), dimethyl methlyphosphonate (DMMP),

nitrogen dioxide (NO2), ammonia (NH3), and boron trifluoride (BF3).

Tests of CuPc thin-films and NO2 challenges established the primary set of

test parameters expected to maximize the selectivity, sensitivity, and
reversibility of the thin-film coatings. A series of experiments performed

at 150°C tested the other thin-film materials, on IGEFET sensors, when

challenged by the various gases. At 150°C, the NO2 and NH3 interacted

with all three film types, the BF3 interacted weakly, the DIMP and DMMP

showed no response. All three thin-film types responded to the DIMP
challenges at 90°C.
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CHARACTERIZING THE SENSITIVITY, SELECTIVITY,

AND REVERSIBILITY OF THE METAL-DOPED PHTHALOCYANINE
THIN-FILMS USED WITH THE INTERDIGITATED GATE
ELECTRODE FIELD-EFFECT TRANSISTOR(IGEFET)

TO DETECT ORGANOPHOSPHORUS COMPOUNDS
AND NITROGEN DIOXIDE

I. Introduction

Background

Solid-state chemical sensors are valuable new additions to the
analytical instrumentation family used to detect sub-toxic concentration
levels of gaseous compounds. Selectively detecting and quantifying the
concentrations of two types of gaseous contaminants is of particular interest
to the Air Force. The members of one chemical compound class include
the organophosphorus pesticides and their structurally-affiliated

compounds. The other ensemble includes the oxides of nitrogen,

particularly nitrogen dioxide (NO2). A third group of compounds of

research interest include ammonia (NH3) and boron trifluoride (BF3).

The organophosphorus compound family includes several toxic

pesticides which comprise a group of environmental contaminants that are




applied for agricultural and hygiene purposes [13]. This group is
important in both the civilian and military communities. Health studies
accomplished to monitor the performance of agricultural crop-dusting
pilots have demonstrated a significant degradation in their flying
proficiency after exposure to organophosphorus pesticides. Another
group of chemically-related organophosphorus compounds comprise the
chemical-warfare nerve agents. These compounds readily pass from the
blood stream to the brain and other nerve synapses. Once there, they act to
inhibit the activity of the acetylcholinesterase enzyme. This inhibition
prevents normal neural functions, as described by Roberts et al [19:506] :

Nerve cells contain the molecule acetylcholine in the bound

state. Stimulation of the cell releases acetylcholine, which

stimulates the neighboring cell to release acetylcholine and

this, in turn, its neighbor, thus transmitting the nerve impulse.

Deactivation of the stimulant must be done very quickly once

the impulse is transmitted. Deactivation is achieved by the

enzyme acetylcholinesterase, which catalyzes the hydrolysis.

acetylcholinesterase
acetylcholine + H20 —3» C2H402 + choline

A nerve poison such as diisopropy! fluorophosphonate
(DFP) forms a stable ester with the serine hydroxyl at the
active site in the (acetylcholinesterase) enzyme, thus
preventing the deactivation step from occurring.
Detecting sub-toxic concentration levels of these chemical warfare

nerve agents may save lives by providing our armed forces the critical time

I-2




needed to don protective clothing. Table I-1 and Figure I-1 summarize
the names and chemical structures of typical chemical warfare nerve agents
and simulant compounds, respectively. This research effort focused on the
detection of DMMP, DIMP, and DFP organophasphate compounds.

The other compound of primary interest in this study is nitrogen
dioxide (NO2). Nitrogen dioxide is a gasecus pollutant generated by

automobiles, diesel engines, blasting operations, industrial stacks, and when
certain weapon detonators chemically-decompose during storage [5:77; 13;
14 ]. With respect to weapon detonators, nitrogen dioxide corrodes their
electrical triggering mechanism, compromising their reliability.

As time permitted, other compounds of interest were included in the

study. Ammonia (an electron donor) and boron trifluoride (a strong o—
orbital electron acceptor, in contrast to NO2, a strong n-electron acceptor)

were included in this study to provide additional comparisions with
nitrogen dioxide and the organophosphate compounds (DMMP, DIMP and
DFP).

Developing a simple, portable, rugged, solid-state detector for these
compounds that could function in the field would present many advantages

relative to the currently used, after-the-fact, analytical laboratory methods.
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Table I-1

Chemical Agents and Simulants (1:15).

Agent (code) Name

GA Tabun

GB Sarin

GD Soman

VX

EAS5365

H Mustard

HD Distilled Mustard
L Lewisite

Simulants

DIMP diisopropyl methylphosphonate
DMMP dimethyl methylphosphonate
DFP diisopropyl fluorophosphonate

Additionally, a solid-state detector has the potential of being mass produced
at a very low cost.

The Interdigitated Gate Electrode Field-Effect Transistor (IGEFET)
has shown significant promise as a solution to these detector applications
[7; 22; 26]. The IGEFET is based on the conventional metal-oxide-

semiconductor field-effect transistor (MOSFET); however, the IGEFET
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and Simulant Chemical Structures [1:16].
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has a unique gate-electrode structure which is coated with a chemically-
active thin-film. As shown in Figure I-2, the gate-electrode structure is a
broad planar expanse of interdigitated metal fingers that are supported by a
high-quality silicon dioxide dielectric [7; 22; 26]. The interdigitated gate
electrode (IGE) fingers are composed of two fundamental components.
One component is the floating-electrode. The other component is the
driven-electrode. In operation, the driven-electrode is connected to an
extemal]y‘ applied direct current (dc) voltage, pulse, or harmonic signal
source. The excitation signal is electromagnetically coupled to the
floating-electrode through the chemically-active thin-film. As the charge
levels change on the floating-electrode, variations in the source-to-drain
MOSFET channel's conductivity are induced [14:2356]. These changes
can readily be detected and amplified. The IGEFET structures become
useful for detecting gaseous organophosphorus compounds and nitrogen
dioxide when their interdigitated gate electrode structures are covered with
a metal-doped phthalocyanine thin-film semiconducting polymer [7; 14;
22; 26].

The challenge gases used in this investigation included: diisopropyl

fluorophosphonate (DFP), diisopropy! methylphosphonate (DIMP),
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dimethyl methylphosphonate (DMMP), ammonia (NH3), boron trifluoride

(BF3), and nitrogen dioxide (NO2). The DFP and DIMP challenge gases

were chosen because they can be safely handled, and they are chemical
analogs of the more toxic chemical warfare nerve agents.

The thin-film, metal-doped phthalocyanine polymer which covers
the interdigitated gate electrode array forms a significant portion of the
lossy dielectric which couples the driven- and floating-electrodes. The
complex dielectric constant of the chemically-active, thin-film coating
changes when certain electron acceptor or donor gases interact with it.
This chemical activity is correspondingly reflected in the strength of the
signal which couples the floating- and driven-electrodes as a measurable
change in the drain-to-source current [7; 22; 26]. The gas-induced
changes are manifested by the degree of electrical signal coupling via
electrical impedance measurements, and this relationship establishes the
basis for using the IGEFET as a microsensor.

Several metal-doped phthalocyanine polymers, including copper-
phthalocyanine (CuPc), nickel-phthalocyanine (NiPc), and cobalt-
phthalocyanine (CoPc) have demonstrated their ability to perform as
IGEFET-based microsensor gas-sensitive thin-films because of their

capacity to interact with the challenge gases of interest in a measurable
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fashion [1; 6; 10].

Problem Statement

IGEFETsS coated with thin-films of copper-phthalocyanine (CuPc),
nickel-phthalocyanine (NiPc), or cobalt-phthalocyanine (CoPc) may
chemically interact with the challenge gases included in this investigation;
specifically, diisopropyl fluorophosphonate (DFP), diisopropyl
methylphosphonate (DIMP), dimethyl methylphosphonate (DMMP),

ammonia (NH3), boron trifluoride (BF3), and nitrogen dioxide (NO2).

The dependence of these interactions with a particular metal-doped
phthalocyanine material type, its thickness, the operating temperature,
relative humidity, challenge gas type, and challenge gas concentration
needs to be fully quantified so that an optimal combination of these
variables can be identified. In addition, procedural steps involved with
sequencing the exposures affects the resultant interactions. The optimal
combination of these factors is defined in this context to be the set
producing the best indices of sensor sensitivity, selectivity, and
reversibility. The measurement and calculation of these indices is defined
in the Definitions section. The specific questions to be addressed for the

challenge gases include:
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1. Which IGEFET candidate coating and physical operating
parameters produce the greatest sensitivity when exposed to the

challenge gases?

2. Which IGEFET candidate coating and physical operating
parameters display the best selectivity when exposed to the challenge

gases?

3. Which IGEFET candidate coating and physical operating
parameters exhibit the most complete degree of reversibility when

exposed to the challenge gases?

The ensemble of test conditions are summarized in Table I-2. They
include: thin-film type, thin-film thickness, temperature, relative
humidity, challenge gas candidate, and gas concentration. If one were to
try to visualize these six 'independant' factors defining a six-dimensional
test condition matrix, the result might look like Figure I-3. Each of the

smallest cubicles represents the response space that is expec .ed to be
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Table I-2.

Testing Parameter Ranges.

Test Parameter

Range of Values

Challenge Gas Type

BF3, DFP, DIMP, DMMP, NH3,
and NO2

Gas Concentrations

DMMP: 10 ppm

DIMP : 20 ppm

DFP : 1000 ppb

NO2 : 30,50, 100, 500, and 1000 ppb
NH3 : 16, 106, 250, and 500 ppm

BF3 : 24,48 and 105 ppm I

Thin-film Material

Copper Phthalocyanine (CuPc)
Cobalt Phthalocyanine (CoPc)
Nickel Phthalocyanine (NiPc) |

Thin-film Thickness

1,000 A to 30,000 A

Exposure and Purge
Temperature

30°C, 90°C, 120°C, 150°C

Relative Humidity

0% to 30%

occupied by a unique grouping of the set, Rresponse, where:

Rresponse = {sensitivitym, reversibilitym, selectivitym} (I-1)
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and each member of the set has the following dependence:

m = {thin-film type, thin-film thickness, temperature,
relative humidity, challenge gas type,

challenge gas concentration}. (I1-2)

As reflected in Figure I-3, each of the larger boxes represents a
response space sector that has been parceled into the smallest cubicles, and
these smallest cubicles are distributed along the "three dimensional" axes of
humidity, temperature, and challenge gas concentration. Each of the large
boxes is, in turn, a subset of the "universally available" response space, as
delimited and distributed along the remaining three dimensions of thin-film
material type, thin-film thickness, and challenge gas type. The grouping of
the six dimensional arguments was done on a purely arbitrary basis to
create an aid for visualizing the response-space.

This investigation focused on several measurable IGEFET
parameters including: device gain and phase relative to the excitation

signal's frequency, voltage-pulse response in the time- and frequency-
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domains, and the interdigitated gate electrode direct current (dc)
resistance, as well as its alternating current (ac) impedance (magnitude and
angle, as well as the real and imaginary parts). These measurements were
used as input information to characterize the sensors' responses, and the
measurements were mapped into the response spaces depicted in

Figure I-3. The basis for recognizing the best combination of test
conditions and IGEFET thin-film coating will be established relative to the
sensor's numerical indices of sensitivity, selectivity, and reversibility.

These indices are defined in the Definitions section.

Scope

This thesis effort attempted to identify which particular metal-doped
phthalocyanine polymeric thin-film coating and set of physical operating
parameters produced the most sensitive, selective, and reversible responses
relative to the BF3, DFP, DIMP, DMMP, NH3 and NO2 challenge gas
exposures. The specific test condition parameters are summarized in Table
I-2.

The initial step in the investigation was validating the IGE and metal-
oxide-semiconductor field-effect transistor (MOSFET) structures on the

integrated circuit die as received from the fabricator, MOSIS (Metal-Oxide-
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Semiconductor Implementation System, University of California, Berkeley,
California). This task was accomplished by electrically testing each of the
IGEs for open and short circuits, and then measuring the gain and
bandwidth of the MOSFET amplifier sections of each integrated circuit
MICrosensors at room temperature.

Following the initial validation phase, the phthalocyanine polymeric
thin-films (CuPc, CoPc, and NiPc) were deposited onto the IGE portions
of the IGEFETs. The next step involved characterizing three sub-systems
in each IGEFET, including: the coated IGE structure, the in-situ MOSFET
structure, and then determining the end-to-end performance profile of the
IGEFET devices with respect to the driven-electrode inputs to the
MOSFET amplifier outputs while the devices were exposed to room air.

For the coated IGE structure, the initial testing focused on the dc
resistance measurements between the driven- and floating-gate, with the
floating-gate grounded and the driven-gate connected to a positive dc
voltage source. The dc resistance was measured with seven different levels
of dc voltage: +1, +2.5, +4, +5.5, +7, +8.5, and +10 volts. The driven- to
floating-gate ac impedance was measured using the same voltage setpoints
thate were used for the dc voltages. These tests were conducted at 22°C

with filtered room air at 8-10 % relative humidity.
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An entire IGEFET-based microsensor system was defined to be the
system extending from the driven-electrode input's and continuing through
to the MOSFET differential amplifier's output. The performance baseline
testing for one such system began by measuring the gain/phase transfer
function versus frequency (swept from 10 Hz to 1 MHz). Based upon the
results of these preliminary test trials, a set of bias and drivien point
voltages were identified. These voltages were used in the subsequent
measurements. The time-domain response characteristics were
determined by measuring the IGEFET response waveforms when the
driven-gate was connected to a pulse generator. Two waveforms were
used: a S ps wide pulse with a 1 kHz repetition rate, and a 50 Hz square
wave,

Prior to any challenge gas exposures, the first battery of
performance measurements described in the previous paragraphs were
used to establish a set of baseline values for the IGE and IGEFET
structures. The specific tests included: impedance (dc and ac), gain and
phase response, and the voltage pulse response in the time- and frequency-
domains. In several experiments, the metal-doped phthalocyanine thin-film
was initially exposed to a high concentration of the challenge gas and

purged to minimize baseline drift between the subsequent challenge gas
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exposures. In these cases, the first purge cycle after the initial high
concentration preconditioning exposure was used to establish the baseline
reversibility response level.

The second test battery measured the performance of the various
IGEFET devices when exposed to the specific challenge gases of interest.
The test parameters (temperature, humidity, film thickness, etc.) were
systematically varied. These measured results were then compared to the
reference (baseline) results established while the IGEFET was exposed to
similar operating conditions either in the presence of room air or the
purge cycle which followed the initial high concentration preconditioning
exposure.

The differences between the baseline results and those gleaned from
the IGEFETs while they were exposed to the challenge gases were
compiled and analyzed. The investigation specifically focused on
identifying the combination(s) of the parameter test matrix which produced
the most significant degree of sensor sensitivity, selectivity and
reversibility.

Each IGEFET was assigned an index of sensitivity, selectivity, and
reversibility relative to its location in the parameter test matrix. These

indices are described in detail in the Definitions section.
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Limitations
The sensor performance evaluation conditions and chemically-active

coatings involved those listed in Table I-2.

Definitions

For the purpose of this research, a few key terms and concepts need
to be defined. They include the system physical plant, sensitivity,
selectivity, and reversibility. They will be defined in terms related to the
measurable IGEFET performance parameters.

The IGEFET may be viewed as an integral part of a gas detection
system. It is the critical element of the system's physical plant. The inputs
to the system include: challenge gas type, challenge gas concentration,
operating temperature, and relative humidity. The IGEFET structure and
metal-doped phthalocyanine (MPc's) coating contribute the major factors
in the gas detection system's response characteristics and, for the purpose
of this thesis, they will be termed the system physical plant. The
measurable system response functions are reflected in the following
electrical characteristics: signal gain, phase, impedance, and response to a
voltage-pulse excitation (time- and frequency-domains).

Sensitivity is a relative measure of the magnitude of the physical

I-18




plant's response to a particular challenge gas at a particular location in the
parameter test matrix. Beaudet et al, established that "the sensitivity of the
sensor is the lowest concentration of agent that can be detected in the
absence of background interferences with 90% confidence limits..." [1:12].
Determining the sensitivity of the sensor to a particular challenge gas is
important because it facilitates comparing different sensors under
reproducible conditions [1:12]. The relative sensitivities were measured

relative to room air primarily because room air was used as the carrier
(diluent) gas. The relative sensitivity (SenRel) is defined as the function

describing the behavior of a particular thin-film type and physical system
when exposed to a particular challenge gas. This measure will be
quantified by calculating the mean (u) of a particular response
characteristic at a particular challenge gas test point. Equation I-3
describes the relationship between the mean and the discrete data values.

That is,

N
nx) = (1/N) X xi (1-3)

i=1

where N is the number of test points, and xj is a particular measured value

I-19




in the ensemble of N elements. Using the mean values and comparing the
challenge gas values to the baseline values established using room air will

establish the sensor's relative sensitivity. This sensitivity can be
normalized with respect to the room air mean (uair) response as indicated

in Equation I-4. That is,

(llair - Kchallenge gas)

Senge] = (1-4)

Haijr

Selectivity (Srel) is a value associated with a sensor's ability to

distinguish between different challenge gases in the absence of background
interferences [1:13]. This metric will be a function of two (or more)

gases involved in the comparison; that is, SRel = f(gas#1, gas#2, ...). For
example, the Sel of a particular IGEFET measured parameter relative to

challenge gas G1 in the presence of challenge gas G2 can be expressed as:

(I-5)

((G1) - p(G2 + Gl)):’
u(G1) '

Se] (G1,G2) = {
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The reversibility (Rgas) of the gas detection system is a numerical
function assigned to the sensor which describes the system's ability to

return to a quiescent state after being exposed to a change in the challenge

gas concentration (cn). As such, the following equation applies:

R - (ul(cl’tl) -112(0242))
= (uz(czsb) - 113(C1,t3))

(1-6)

where 11 is the mean value of a particular measured parameter at time t1
and quiescent concentration c1; W2 is the mean value of a particular

measured parameter at time t2 and concentration c2; and p3 is the mean

value of a particular measured parameter at time t3 and quiescent
concentration ci. In this investigation, t; represents the time before the
sensor is exposed to any challenge gas. At some later time, a challenge gas
is introduced and a new quiescent state is achieved. At this time, 2 is

measured. Next, the challenge gas is purged from the system and, after

some interval of time, a third quiescent state is achieved. Finally, u3 is

measured, and the reversibility can be quantified.
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Assumptions

This investigation assumes that the IGEFET and the thin-film
chemically-active coatings will behave in a piecewise-linear, time-invariant
manner while the experimental conditions are varied relative to any
particular set of nominal parameter matrix test values when the sensor is
exposed to a challenge gas. This assumption is not generally extended to
include the regions between the test points. The linearity assumption
permits the principle of superposition to be applied to the analysis at any
particular region in the parameter test matrix. This initial assumption is
necessary to determine if the output signals are directly proportional to the
sum of the input signals.

Piecewise linearity is assumed because a real system seldom displays
a continuous, linear relationship throughout its entire operational range
[22:1-5]; however, real systems are often piecewise continuous and
differentiable. This characteristic permits the linearity assumption to be
applied over a small range of perturbations relative to a nominal reference
point. In this study, each parameter test matrix setpoint is considered to be
a nominal point about which the IGEFET responses will vary due to
exposure to the challenge gases.

The time-invariance assumption implies that the system will not
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change simply as a function of time. This feature is important for
assessing the IGEFET sensitivity, selectivity, and reversibility. A time-
invariant system will also attain an equilibrium response relative to a
particular parameter setpoint. Experiments by earlier researchers have
revealed that the reaction equilibria between the MPc's coatings and the
challenge gases are likely to occur after a time period varying from a few
seconds to several minutes [7; 22].

This investigation assumed from the outset that any particular
measured detector system response, relative to any parameter matrix

situation, will display a characteristic mean value (p).

Methodology

Deposition of the gas sensitive, thin-film coatings on the IGEFET
sensors merits additional explanation. Figure I-4 depicts the general
structure of a single IGEFET device. Each IGEFET is fabricated by
depositing a thin-film coating on the interdigitated gate electrode (IGE)

structure. The uncoated IGEFET:Ss are fabricated on silicon wafers and
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(a) Interdigitated Gate
Electrode (IGE) (b) IGE plus Field-Effect
Transistor IGEFET)
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(c) IGEFET plus Thin-film
Coating

Figure 1-4. IGEFET-Based Microsensor Fabrication: (a) IGE, (b)
IGEFET without the Thin-Film Coating, and (c) IGEFET with the
Thin-Film Coating.
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packaged in dual-in-line packages (DIPs). Each DIP holds one integrated
circuit die. Each integrated circuit die contains nine discrete IGEFET
devices. After the chemically-active thin-film deposition process, there are
nine IGEFETs in each DIP. The IGEFET design used in this study was
accomplished by Captain Thomas Jenkins (GE-89D). The design was
submitted to the Metal-Oxide-Semiconductor Implementation System
(MOSIS) for fabrication. MOSIS fabricated the IGEFETS on silicon
wafers and then packaged them in a 64-pin DIP. The DIPs were shipped
from MOSIS without the chemically-sensitive thin-film coatings. The
chemically-sensitive, thin films were deposited during this thesis
investigation.

The IGEFET DIPs were inspected using optical microscopy as
received from MOSIS to verify that they satisfied the design specifications.
An electronic performance evaluation was then conducted to assess the
IGEFET structure's gain and transfer function characteristics. The IGE
structure's dc and ac impedances were measured. The thin-film, metal-
doped phthalocyanine (MPc's) coatings were deposited on the IGE
structures with an electron-beam vacuum deposition (EBVD) process
following their initial electrical inspection and validation.

The thickness of a MPc's thin-film deposition was measured with a
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scanning electron microscope, a stylus profilometer, and an in situ quartz
crystal microbalance (QCM). Adjustments to the EBVD process were
made as required to achieve film thicknesses to within 20% of the desired
values (Table I-2).

The EBVD process was used to deposit three thicknesses of each film
candidate onto individual integrated circuit die. Thus, of the nine IGE
structures on each IC die, a cluster of three were coated with MPc's films
having the same thickness. The chemically-active thin-films were copper
phthalocyanine (CuPc), cobalt phthalocyanine (CoPc), and nickel
phthalocyanine (NiPc). By covering three of the IGEFET structures with
the same film thickness, redundant measurements were made
simultaneously. In addition, since there were three different thicknesses of
the same MPc's thin-film on each integrated circuit die, the three different
thicknesses were simultaneously compared because they were operated
under the same conditions.

In the final set of gas challenges involving DMMP and DIMP, the
microsensor chips each had three different types of metal-doped
phthalocyanine thin-films, and all the arrays were coated with a nominal
thickness of 2,000 A.

The baseline response of the IGEFETs were assessed by exposing
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them to room air and systematically traversing the remainder of the
parameter test matrix values. Representative samples of each IGEFET
thin-film candidate and thickness were evaluated. The IGEFET response

to the challenge gases was then compared to these baseline measurements.

Plan of Development

Chapter I presents a concise problem statement along with the
motivation and background for characterizing the sensitivity, selectivity,
and reversibility of several metal-doped phthalocyanine thin-film coatings
deposited on the IGEFET structures. Chapter II reviews the current
literature relative to several important classes of gas phase microsensors.
Chapter III focuses on the IGEFET, dealing with the physical device
structures and the theoretical models used for describing their behavior.
Chapter III also contains information concerning the MPc's
semiconductors, the models used to dcscribe electron transport through
these structures, and the doping theories used to explain their conduction
modulation by the challenge gas. Chapter IV describes the experimental
methodology implemented in this thesis. Chapter V is a summary of the
experimental data and interpretations of the results. Conclusions and

recommendations are formulated in Chapter VI.
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Summary

The IGEFET sensors fabricated by depositing copper phthalocyanine
(CuPc), cobalt phthalocyanine (CoPc), and nickel phthalocyanine (NiPc)
thin films on their IGE structures have demonstrated significant gas
sensitivity responses when exposed to trace concentrations of several
organophosphorus compounds and nitrogen dioxide. The ability to detect
organophosphorus compounds has military and civilian significance.
Organophosphorus compounds comprise a broad class of toxic agricultural
pesticides and chemical-warfare nerve agents. Nitrogen dioxide is a by-
product of certain munition detonator failure modes. Since the detonator's
electrical triggering mechanism can be corroded by the emitted nitrogen
dioxide, sensing its evolution during weapon storage will facilitate

identifying unreliable detonators.

For each of the challenge gases, this thesis attempted to identify the most

sensitive, selective and reversible combination of sensor thin-film coating and
operating conditions from among those in Table I-2. However, due to time
constraints and the unavailability of gas generation tubes, only the 150°C

temperature region was explored in depth.
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II. Literature Review of Solid-State Sensors
Used for Detecting Organophosphorus Compounds
and Nitrogen Dioxide

Introduction

A number of microfabricated devices have been investigated to serve
as chemical sensors [18:405]. At least four distinct technologies have
been configured by investigators to detect organophosphorus compounds
and nitrogen dioxide [9; 18]. These devices have successfully detected both
the chemical analogs to chemical warfare nerve agents and nitrogen
dioxide. The sensor technologies reviewed include: surface acoustic wave
(SAW) devices, chemiresistors, optical waveguides, and interdigitated gate-
electrode field-effect transistor IGEFET) microsensors, also know as
chemically-sensitive field-effect transistors (CHEMFETs).

Murray et al compiled a study comparing the current state of
performance for these four solid-state sensor technologies, and projected
their performance into the year 2000 [18]. Continuing research with these
technologies seeks to improve their sensitivity and selectivity. As this
research proceeds, one major feature common to all, dominates as the
controlling factor concerning their ability to detect the challenge gases.

That feature is the chemical coating used to transduce the presence of the
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chemical moiety [18:405].

The sub-millimeter physical size of these sensing devices makes them
very attractive. They are sufficiently small to be easily employed by
military personnel in a deployed status; perhaps, they might even be
incorporated into individual issue equipment ensembles. In addition, due
to their small size, a large number of these sensors can be fabricated onto a
tiny surface, yet, with each sensor element configured to be sensitive to a
specific challenge gas, the summary array of sensors should be able to
detect a spectrum of challenge gases from a multicomponent gas
environment [1; 18:405 ]. By utilizing a multiple sensor array
configuration, the possibility exists that while none of the individual
sensors can be uniquely suited to detect a particular gas; nevertheless, the
overall multiple sensor array response pattern may possess unique
characteristics of the challenge compound [18:406]. An interesting
possibility may be to use the multiple sensor array in conjunction with a
computer. This would avail the user with the option of reconfiguring the
system detection and identification function with specific software [1; 18:

406].
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Gas Detection Devﬁces.

Six technologies are currently employed to realize the primary
devices being investigated for detecting the organophosphorus and nitrogen
dioxide compounds. Two of these are based upon the piezoelectronic
crystal technology; the SAW device and the piezoelectric sorption detector
(a bulk-wave device) [18;406; 26:2-1]. The other technologies include:
the notch filter [11], the chemiresistor [18:406; 26:2-1], the optical
waveguide [18:405], and the chemically-sensitive IGEFET microsensor
(a. k. a. CHEMFET) [7; 18:406; 22; 26:2-1]. These microsensors are
fabricated with a chemically-active thin-film coating, and they rely upon
the interaction of tl_lis layer with the challenge gas. The interactions of
the chemically—actiye layer with the challenge gases are transduced into an
electronic response, depending upon the sensor technology, and yield a
corresponding chaqge of a measureable parameter. For the sensors
discussed in the following sections, the primary modes of interaction are
adsorption of the challenge gas molecules onto the chemically-active thin-
film's surface or the absorption of the gas molecules into the bulk regions
of the film. The adsorption and absorption of the challenge gas molecules
affect the overall physical properties of the thin-film coating. These

changes are reflected in variations in the normally quantified parameters
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of mass, electrical conductivity, bulk dielectric constant, and bulk
permeability constant. The gas detectors reviewed in the following
sections differ primarily in the mechanisms employed in detecting a change
in one or more of the perturbed film properties. For example, the
piezoelectric device detects changes in film mass, the chemiresistor focuses
on changes in electrical resistance, etc. A description of each device is

presented in the following sections.

Piezoelectric Devices

The piezoelectric devices can be segregated into three basic groups,
quartz microbalances (QMBs), coated piezoelectric quartz crystals, and
surface acoustic wave devices (SAWs). Simple bulk-wave, coated
piezoelectric quartz crystal sensors and surface acoustic wave (SAW)
devices are mechanically resonant structures. These devices all rely upon
the piezoelectric effect that causes a physical deformation in the crystal's
shape when a voltage is applied to it. The crystal can be made to oscillate
at its resonant frequency by applying an oscillating voltage at the crystal's
characteristic frequency. When small changes occur in the bulk mass of
the crystal due to molecular absorption on its surface, the resonant

frequency will be shifted. Thus, these devices are used to detect changes in
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the mass of their surface due to molecular absorption.

The simplest of the piezoelectric device structures is the quartz
microbalance (QMB). In its basic form, the QMB is fabricated from a thin
piezoelectric quartz wafer having attached electrodes. To produce a QMB,
a quartz crystal is cut into very thin wafers, and the electrodes are
deposited on both surfaces of the wafer. The QMB is frequently employed
as a simple vacuum deposition film thickness monitor [17:705]. Lucklum
et al report that the QMB can be used as a gas sensor [17:705 - 710].

They used several different QMBs, each coated with its own chemically-

sensitive, thin-film layer, and then exposed the ensemble to polar and
apolar organic and inorganic compounds such as CO2, CO, and NO2.

They used 8.5 mm diameter, quartz crystals with a 10 MHz resonant
frequency and 5 mm diameter electrodes. The chemically-sensitive thin-
films were deposited onto both sides of the crystals. As the chemically-
sensitive layer's mass changes due to adsorbed molecules, the resonant
frequency shifts. If Av is the change in the resonant frequency, v, due to a

change in the crystal oscillator's mass, Am, the two are related by [17:705]:
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2
Av = -Cfl’/sr Am (11-1)

where A is the coating's area, and Cf is a mass sensitivity parameter

[17:707].

For an AT-cut crystal vibrating in the thickness shear mode,
Cf =2.26 x 10-10 m2/g s holds. Using 10 MHz quartz crystals,

gravimetric detectors can be produced with detection limits in the
nanogram level [17:705].

The QMBs were used by Lucklum et al to detect polar and apolar organic
and inorganic compounds, such as CO2, CO, and NO2 [17:705-710].

The piezoelectric material can be made to oscillate by applying a
harmonic potential to the device's electrodes. The intensity of the
oscillations becomes pronounced when the applied voltage oscillates at a
frequency approaching the mechanical resonant mode of the crystal [7:2-
2]. The resonant frequency can be perturbed about its nominal value with
a change in the crystal's mass or by changes in the viscoelastic properties
of a thin-film which has been deposited on the device's surface [9,18:406].
Schiede and Guilbault [21:1764-1768] and Roberts and Holcroft [20:56]

related the frequency shift due to changes in the surface mass of the
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piezoelectric quartz crystal sensor as described by Equation II-2:

AF = (-2.3x106 F2)(Anv/A), 11-2)
where

AF = change in resonant frequency (Hz),

F = resonant frequency (MHz),

Am = change in mass (gm), and

A = surface area of detector (cm2).

As an example, a bulk-wave piezoelectric quartz crystal sensor with

a reactive surface of 1 mm by 1 mm operated at 300 MHz, will need to

undergo a mass change of 7.24x10-11 grams to produce an output

frequency shift of 1500 Hz. For a DFP challenge gas (m.w. 180.2 g/mole)

this implies an absorption of 2.42x1011 molecules.

The principle mode of operation for the SAW device is as a delay-
line oscillator. Figure II-1, from Janta [9], depicts the general SAW device
structure. The device's resonant frequency depends upon the crystal's
wave velocity, the surface electrode spacing, and any thin-film coating
applied to the surface of the device [18:406]. Figure II-1 shows how the

central selective region modulates the waveform traversing from
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Figure II-1. Schematic diagram of a SAW sensor with transmitter, T,
receiver, R, and the chemically-sensitive layer deposited on the sensor's
delay line section [9:70].

end-to-end on the crystal's surface. A change in the selective layer's mass
will be reflected as a change in the resonant frequency of the surface wave.
The material chosen for the thin-film layer 1s selected for its ability to
chemically-interact with the challenge gas of interest. The preferred
modes of the chemical interaction are adsorption and absorption [7:2-2].
Fabrication techniques allow SAWs to be produced in sizes less than

one square millimeter; however, current research is focused on SAWs with
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several square millimeters of surface area. The larger areas are desired
because they increase the amount of interaction between the challenge gas

and the chemically active portion of the sensor. As a performance

example, Murray et al reports a SAW with surface area of 8 mm2

operating with a resonant frequency of 300 MHz which provided a

frequency shift of 1500 Hz when the thin-film's mass changed by 1x10-9
gm [18:406]. This device has a typical signal-to-noise ratio (SNR) of 50-to-

1. These devices have detected absorded organophosphorus compounds at

concentrations below 0.1 mg/m3. Tables I-1 and II-2 summarize the

current and projected performance of the SAW devices.

Notch Filters and Chemiresistors

Notch filters and chemiresistors are fabricated using the same
resources. The primary difference between the two sensor technologies is
not in their fabrication method, but rather with the physical parameters
and operational mode used to measure and detect a gas of interest. When
the structure is employed to transduce a change in the dc resistance of the

thin-film coating, the device is deemed a chemiresistor. When the
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structure is used to transduce the changes in both the thin-film resistive and
reactive components, the device is being operated as a notch filter.

Kolesar designed a notch filter and reported using it for detecting
organophosphorus compounds, including diisopropyl methylphosphonate
(DIMP) [15:7-8]. The salient features of notch filter design, as described
by Kolesar, included a chemically-active film of copper+cuprous oxide in
contact with copper electrodes and isolated from a second electrode by a
thin layer of non-conductive material [15:1-3]. A swept-frequency
harmonic signal was injected into one electrode and the resultant signal
transferred to the other electrode was measured. The transfer function is
partially dependant upon the distributed dielectric properties of the
cuprous oxide layer. In essence, the device acts as a distributed resistor
and capacitor circuit. As the copper+cuprous oxide film interacts with the
challenge gas molecules, it's dielectric function is modulated; in turn, the
distributed resistance and capacitance of the thin-film reflects this
modulation and the overall signal transfer function shifts by a measurable
amount.

The notch filter transfer function gain is usually measured versus
driving source frequency, and the resulting bandpass characteristics are

recorded as accomplished by Kolesar {15:3]. When the electronic
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properties of the chemically-active thin-films are perturbed by a challenge
gas, the notch filter's bandpass response may acquire a new shape and
center frequency. The notch filter fabricated by Kolesar was able to
detect an organophosphorus compound (DIMP) at concentrations less than
10 ppm [11].

Chemiresistors are small interdigitated electrode structures coated
with a chemically-active thin-film that interacts with the desired challenge
gas. Chemiresistors undergo changes in their electrical resistance when
they are exposed to a challenge gas. The change in the electrical
conductivity is attributable to variations in the number of charge carriers
made available in the thin-film coating due to the chemical interactions
with the gas of interest [18:408].

Challenge gases donating, accepting , or polarizing charge carriers
in the thin-film coating will produce changes in the material's bulk
resistance, depending upon the efficiency of the charge or polarization
transfer process and the concentration of the challenge gas.

Chemiresistors are a form of the general class of conductimetric
sensors. This sensor class reports gas-sensitivity information by
transducing changes in their bulk conductivity, G(w) [9:213]. The bulk

conductance can be calculated from the following relation, where I(®) is
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the current and V(w) is the potential:

G(w) = I[(0) / V(o). 1I-3)

The units of electrical conductance are siemens (mhos). The other
relationships involved in the discussion of electrical conductivity include:
R =pL/A (11-4)
where R is the resistance in ohms, L is the conductor length, A is the
conductor's cross-sectional area, and p is the material's resistivity. The

conductivity, 0, is the reciprocal of p; hence

1/p = 6 = JE = L/(AR) (II-5)

where ¢ is the ratio of the current density J (A cm-2) to the applied

electric field E (V cm-1). The unit for ¢ is siemens-1 cm-1-

The general form of conductimetric devices, as depicted in Figure
II-2, has two metal electrodes with a chemically-active material
sandwiched between them [9:213]. They transduce changes in the
conductivity of the selective material between the electrodes. This feature

is critical to the utility of these detectors [9:213]. The dc current flow is
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Figure II-2. General conductimetric device: (a) material configuration
(b) current flow measurements.

usually the measured parameter, as depicted in Figure I1I-2(b). A general

model for the conductimetric sensor is illustrated in Figure II-3. Focusing
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Figure II-3. General Equivalent Circuit Diagram of a Condictimetric
Sensor. Subscripts c1 and ¢2 Refer to the Metal Oxide-to-Semiconductor
Contact, s Refers to the Surface Components, b Refers to the Bulk
Components, and i Refers to the Components Due to the Interface
Between the Semiconductor and the Insulating Support Surface.

on the selective layer, the resistance between the contacts and the selective
layer are Rc1 and Rc2 The capacitance between the contacts and the
selective layer are Cc1 and Cc2. The resistance and capacitance of the
surface of the selective layer are Rs and Cs, respectively. The resistance

and capacitance of the bulk of the selective material are Rp and Cb,
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respectively [9:214]. The resistance and capacitance of the interface
between the selective layer and the surface of the supporting material are
Ri and Cj, respectively [9:214].

Two resistance calculations can be made: one for the contact
resistance and one for the resistance of the selective layer. The contact
resistance is dominated by the thin, non-conducting metal oxide generally
covering the metal electrode [9:215]. The metal/metal-oxide/chemically-

active thin-film junctions have a Schottky current density of:

(]
Jschotky = AR T? ex 4nde; (11-6)

where AR is Richardson's constant, and

AR = 4ntmqk2/h3 (I1-7)

with T the temperature in degrees Kelvin, q, the fundamental unit of
electron charge, ¢, the average barrier height, d, the insulator thickness, h,

Planck's constant, m, the electron's effective mass, V, the applied voltage

and, €;, the dielectric constant [9:215]. The dielectric constant, €i, is equal
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to €o€r where €o is the free space dielectric constant, and €r is the

material's relative dielectric constant. For a time-varying excitation, the

capacitance of the equivalent circuit model must be considered along with
its resistance.

The resistance of the chemically-active selective layer can be viewed

as the parallel combination of the bulk conductivity (Gwuix) and the surface

conductivity (Osurface) [9:216].
The bulk conductivity depends upon the charge carrier
concentrations and mobilities [9:216]. The general conductivity

relationship for the semiconductor bulk material can be expressed as

[9:216; 9:222]:
Gpuic = GpP + K1) (I1-8)
and
Gy, = npqu, Wd/L (11-9)
where
Go = bulk conductance,

Obuik = bulk conductivity (mhos/m),
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Up = hole mobility (m2 per volt-second),

Ha = electron mobility (m2 per volt-second),

Wb = bulk carrier mobility (m2 per volt-second),
ny = bulk carrier density (m-3),

q = electron charge,

W, d, and L = width, depth and length of the material being
measured (m), and

p, n = density of holes and electrons (m-3), respectively.

The current density can be expressed as {4:70]:

J = Eq{upp + pan] (I1-10)

where E is the applied electric field.

These relations account for the contribution of the transported holes
(p) and the electrons (n). Modulation of the obulk conductivity depends

upon the ability of the modulating compound (gas to be sensed) to actually
enter into a charge carrier donating, accepting, or polarizing equilibrium

that is translated into the bulk of the chemically-sensitive thin-film [9:216].
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The chemical modulation of the surface layer conductivity depends upon
the ability of the challenge gas molecules to donate, accept, or polarize the
charge carriers at the surface of the semiconductor material [9:221]. For n-
type semiconductors this can be expressed as Equation II-11 [9:221]; that
is,

Aos = qusAng (II-11)
where the change in the surface conductivity Aos is due to the change of

the surface electron density, Ans, and the surface electron mobility, ps.

For a layer of thickness of d, then [9:222]:

] d
Ang = J [n(z) - np] dz (I1-12)
0

and the corresponding change in surface conductance, AGs is:

AGs = AosW/L. I-13)

Assuming that pp approximately equals s, Equations I1I-12, and II-13 can

be used to create [9:222] a relative index of surface-to-bulk conductivity,

AGg/Gb. That is,
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AGy/Gp = Ang/nnd . (1I-14)

For thin-film coatings deposited on a chemiresistor, the principle source of
chemical modulation is the surface layer [9:218].

The fabrication of chemiresistors is frequently accomplished by
evaporation, Langmuir-Blodgett techniques, or spin coating [9:219].

Typical device parameters are listed in Table II-3.

Table II-3.

Typical Chemiresistor Parameters for 1 - 5 Volts Applied [8:219].

Electrode Spacing 10 - 100 pm
Total Electrode Area 0.1-1cm?
Thin-Film Thickness 0.01 -1 um
Typical Current Flow nA range
Inter-Electrode Resistance 108 - 1011 ohms

Chemiresistor devices using metal/phthalocyanine (IOOOA)/metal

configurations are reported by Janta [9:219] to function with the Schottky-
conductivity type behavior.

Janta reports that surface conductivity changes were attributed to
the signal changes when using a Pb-phthalocyanine chemiresistor [9:220].

This behavior represents an order-of-magnitude greater sensitivity than
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demonstrated with current SAW technology [18]. Using a Pb thin-film

coating for selectively detecting DMMP has been demonstrated at a level of

less than 5 mg/m3 [18]. Estimates of the chemiresistor performance are

shown in Table II-2.

Optical Waveguides

Optical waveguides coated with chemically-sensitive and optically-
active films have been used to detect gases. The methods used for low
concentration gas phase studies include refractometry and interferometry
[9; 18:409]. Using an optical detection methad presents an opportunity to
exploit the advantages of remote sensing, and the method's inherent
imperviousness to electromagnetic interference [18]. The disadvantages of
this technology include susceptibility to stray light and possible photo-
degradation of the chemically-active coating materials. The waveguide
detectors also have a limited dynamic range [18].

The physical property exploited for the optical wavegui.de detectors
is the critical angle of light reflection when traversing a medium with a
higher index of refraction relative to a medium with a lower index of
refraction. As reported by Murday [18], photorefractometry has been

used to measure changes in the refractive index on the order of 1 part-per-
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million.

Detecting various challenge gases using waveguides coated with
polymers has been shown to be sensitive to the challenge gases at parts-per-
million concentrations; however, the underlying processes have not been
modeled sufficiently well to project ultimate sensitivities.

Another approach for using optical waveguides is coating the guide
with a material which will change its dimensions under the influence of an

external challenge gas. Murday [18] reports that Butler [2] has

demonstrated that this concept will work for gas-phase detectors of H2 at

concentration levels of 1 to 104 ppm, while using a Pt-coated waveguide.
Janta [8:280] describes an optomechanical sensor which has a sensitive
coating capable of physically stretching the length of the optical waveguide
it encases.

Figure II-4 depicts the arrangement of an optical sensor coated with
Pd. The coherent light beam emitted from the HeNe laser source is split,
and the resultant beams are propagated along two separate paths. One path
is through an uncoated waveguide. The other path is through a waveguide
coated with Pd. The beams are then recombined, and the resulting
interference pattern is established before a challenge gas is introduced into

the system. This mode defines the sensor's baseline interference response
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Figure II-4. Optomechanical Interference Sensor Technology
(9:280).

pattern. When a challenge gas is introduced, H2 in this case, the challenge

gas interacts with the waveguide coating and expands the lattice constant of
the Pb. The relative change, Aao, in the lattice constant, ap, (atom spacing)
is proportional to the amount of palladium hydride, CpdH, formed, which

is proportional to the partial pressure of the H2 [9:280]. That is;

Aag
— =002 ACpgH. (1I-15)
0

The changing Pd lattice structure, in turn, stretches the waveguide

longitudinally. The changing waveguide length modulates the optical
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interference pattern. When used to measure H2, the dynamic range of the

sensor spans 1 to 104 ppm [9:281].

Interdigitated Gate-Electrode Field-Effect Transistor (IGEFET)
Microsensors

The IGEFET microsensor is the primary technology of interest in
this thesis. Chapter III is devoted to a detailed description of the models
dealing with the microsensor's components, including: the thin-film
semiconductor coating material, the interdigitated electrode structure, the
MOSFET structure, and the system-level IGEFET microsensor device.

This microsensor has shown significant promise as a solution to the
organophosphorus compound and NO2 detection applications [7; 22; 26].

This sensor technology is based on the conventional metal-oxide-
semiconductor field-effect transistor (MOSFET), but the IGEFET sensor
has a unique gate-electrode structure which is coated with a chemically-
active film. The gate-electrode is a broad expanse of interdigitated metal
fingers which are supported by a high-quality, silicon dioxide dielectric [7;
22; 26]. A metal-oxide-semiconductor field-effect transistor with an

interdigitated gate electrode structure is also called an interdigitated gate-
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electrode field-effect transistor IGEFET) [14]. The gate electrode fingers
are composed of two fundamental components. One component of the
interdigitated gate electrode structure is the floating-electrode; the other
component is the driven-electrode. In operation, the driven-electrode is
excited with an externally generated signal; typically a pulse or swept-
frequency sine wave. The excitation signal is electromagnetically coupled
to the floating-electrode via the chemically-active film coating. As the
charge levels change on the floating-electrode, variations in the source-to-
drain MOSFET channel's conductivity are induced [14:2356]. These
changes can be detected and amplified. The IGEFET microsensor
becomes useful for detecting gaseous organophosphorus compounds and
nitrogen dioxide when its interdigitated electrode is covered with a
semiconducting, metal-doped phthalocyanine polymer thin-film [7; 14; 22;
26].

The sensitivity of the IGEFET microsensor (a.k.a. CHEMFET)
depends upon the transconductance of the system-level device, and the
altered potential resulting from a change in the thin-film coating
impedance [18:410].

NO2 sensor studies have been conducted by Temofonte and Schoch

using NiPc and PbPc thin-films on IGE structures [24:1350-1355]. They
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deposited their gas-sensitive films with a thickness on the order of 0.15
um. They used a vacuum sublimation technique for their depositions.

Following the depositions, the typical interelectrode resistance, before

exposure to the NO2 challenge gas, spanned 1 x 1016 to 4 x 1016 ohms.

After exposing the devices to NO2 concentrations of 25 ppb, 1.2 ppm, and

60 ppm, the resistance values changed to final values on the order of 1015,

1012, and 109 ohms, respectively [24]. They report, "The organic
semiconductor thin-film (MPc) gas sensor having ultra high sensitivity
(£ 25ppb) and a very fast response time (< 60 s) has been demonstrated"

[22:1355].

Conclusions

Murray [18] states that the SAW sensor is the most advanced
technology at this time. The chemiresistor and the optical waveguide may
get similar results based upon theoretical projections. That is, "The
CHEMFET is still further behind and struggling with microfabrication and
passivation problems' [18:410; 24:1355]. Temofonte and Schoch express,
"Future work to optimize sensor characteristics is needed, and low-noise

IC compatible FET device structures have been designed and fabricated for
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this purpose' [24:1355].
The purpose of this thesis is to advance the understanding and

applicability of the IGEFET microsensor to selectively detect and identify

organophosphorus compounds and NO2.
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111. The IGEFET Microsensor Concept,
Design, and Implementation

Introduction

The microsensors used for this investigation are similar to those used
by previous researchers [ 7; 14; 22; 26]. The microsensors were designed
using an interdigitated gate-electrode field-effect transistor (IGEFET)
structure. Figure III-1(a) shows the fundamental configuration of the
IGEFET microsensor.

The fundamental IGEFET-based microsensor structure used in this
investigation is very similar to the integrated circuit (IC) devices used in
previous investigations at AFIT [ 7; 14; 22; 26]. The organization and
functionality of the multi-sensor array and IC die has been modified for
this research effort. When contrasted with the design used by Shin [22],
the following revisions can be observed: the analog signal
multiplexer/decoder was deleted from the design, only nine sensor arrays
were fabricated on each IC die, no feedback resistors were fabricated on
the IC die, each IGEFET microsensor is an integral part of its own
impedance matching differential input amplifier, and no reference

amplifier is employed on the IC die.
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Figure IlII-1. Interdigitated Gate Electrode Field-Effect Transistor

(IGEFET) (not to scale) [12; 26:1-3].
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These revisions were made primarily due to the difficulties
encountered by previous researchers while attempting to achieve adequate
performance from the analog signal multiplexer and amplifier. Since
these difficulties at the IC die organization level detracted from the
investigation of the IGEFET microsensor, a decision was made to remove
the analog signal multiplexer and its associated amplifier from the multi-
sensor design. The new IC design had nine impedance matching
amplifiers, one for each of the nine IGE structures, all fabricated on the

same IC die.

IGEFET Microsensor Concept

The IGEFET microsensor used in this research is a device that can
transduce variations in the impedance of its chemically-active, thin-film by
modulating its output current. The thin-film's impedance can be modulated
by exposing it to various challenge gases. The changes result from
interactions of the gas molecules with the semiconducting, thin-film surface

and bulk material.

IGEFET Design

As depicted in Figure III-1(a) and (b), the basic structural
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components of the IGEFET can be discerned. During fabrication, the
interdigitated driven- and floating-electrodes are fabricated from
photolithographically patterned aluminum. The interdigitated driven- and
floating-electrodes form a structure called the interdigitated gate-electrode
(IGE). The chemically active thin-film is deposited on the IGE structure,
partially covering the surface of the fingers and filling a portion of the
space between them.

The IGE is composed of two components, the driven-electrode and
the floating-electrode. Usually, an input signal is applied to the driven-
electrode, and it is electromagnetically coupled primarily through the
intervening space filled with the thin-film coating to the floating-electrode.
The magnitude and phase of the signal coupled to the floating-electrode is
dependent, in part, upon the impedance of the thin-film. The floating-
electrode serves two purposes. The first is to be an electrical contact point
for the signal coupled through the thin-film from the driven-electrode.
(The IGE with the deposited thin-film structure is analogous to two parallel
plates separated by a bulk material). The second purpose served by a
portion of the floating-electrode is to function as the gate electrode for the
sensor's in situ metral-oxide-semiconductor field-effect transistor

(MOSFET). In this role, it modulates the current flow between the
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MOSFET"s drain and source electrodes. The in situ MOSFET design was
selected because it's high input impedance would not excessively load the
IGE structure, and noise due to interconnecting lead lengths could be
minimized.

To provide gain to the modulated signal without sacrificing the
sensor's isolation, each IGEFET was designed as the non-inverting input to
a differential amplifier. This feature can be observed schematically in
- Figure III-2. In Figure IlI-2(a), the IGE structure with its
driven-electrode (DE) and floating-electrode (FE) is shown connected to
transistor Q4. In fact, the floating-electrode modulates the drain-to-source
current flow for transistor Q4. Transistor Q4 is the FET portion of the
IGEFET sensor. Transistor Q4 is also the non-inverting input for the
differential transistor pair formed by Q4 and Q5. Transistors Q6 and Q7
are functionally current-limiting resistors. Transistors Q1 and Q2 establish

the quiescent current flows which are dependent upon the relative level of

Vbias. Transistor QS drives the output (Vout).

Phthalocyanine Thin-Film Coatings for the IGEFET
A critical aspect of the microsensor is the chemically active thin-film

used to modulate the signal coupled between the driven-electrode and the
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Figure III-2. Interdigitated Gate Electrode (IGE) and Impedance
Matching FET Amplifier: (a) Equivalent Circuit Diagram, and
(b) Equivalent Amplifier. (DE = Driven-Electrode,

FE = Floating-Electrode).

1i-6




floating-electrode. Metal-doped phthalocyanines were used in this
investigation because their semiconducting properties can be modulated by
the absorption, adsorption, and desorption of various gas molecules
[16:345]. The changes in electrical conductivity are believed to occur as a
result of the electron donor-acceptor complexes formed between the
phthalocyanine and the challenge gas. This interaction is believed to be
driven, in part, by the partial pressure of the challenge gas [16:347].

The semiconducting phthalocyanines are available as either metal-
free or metal-doped compounds. The metal-doped phthalocyanine
structures have a centrally located metal atom as depicted in Figure III-3.
For this research, phthalocyanines doped with either copper, cobalt, or
nickel were used. In addition, the phthalocyanine ring structure may have
one or more groups substituted onto it at a peripheral location. Chemically-
active thin-films have been fabricated using either substituted or
unsubstituted phthalocyanines [16:368].

Deposition of the phthalocyanines to the IGE structure is usually
accomplished via one of two techniques, Langmuir-Blodgett (L-B) or
vacuum sublimation. The only method available for this investigation was
the sublimation process which was implemented using an electron-beam

vacuum deposition system (Denton Vacuum Corp; Model DV-602).
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Figure III-3. Metal-Doped Phthalocyanine Molecules Showing
Their Stacking Arrangement [24:1350].
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The metal-doped phthalocyanine (MPc) thin-film morphology

significantly influences its response to a challenge gas. The charge-transfer
mechanism occurring during the challenge gas complex formation with the
thin-film material is best facilitated on the planar face of the MPc ring.

The charge-transfer mechanism is favorably facilitated along the axis
perpendicular to the face of the stacked MPc rings [16:351].

The metal-doped phthalocyanines are classified as a p-type
semiconductor material based upon the material's response to exposures of
electron donor and acceptor complexes. That is, the electrical conductivity
of MPc is enhanced when it is exposed to electron-acceptor gases such as
oxygen and nitrogen dioxide. Addtionally, the MPc's electrical
conductance has been observed to decrease upon exposure to ammonia, an
electron donor [16:347]. The degree of acceptor-donor electron
localization appears to influence the magnitude of the conductance change.
Nitrogen dioxide, a n-electron acceptor, forms a delocalized hole structure
within the MPc. This mechanisin facilitates charge carrier transport.
Boron trifluoride, a ¢-electron acceptor, forms a more localized hole
structure in the MPc, which acts to retard charge carrier transport

[16:349].
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IGEFET Microsensor Design and Implementation

The design of the IGEFET microsensor has evolved through several
iterations at the Air Force Institute of Technology (AFIT). The design
version used in this investigation was finalized by Captain Thomas Jenkins
and submitted to MOSIS (Metal Oxide Semiconductor Implementation
System) for fabrication. This particular iteration of the IGEFET
microsensor's evolution focused upon enhancing the inter-lead signal
isolation and reducing the complexity of the IC die analog signal paths.
The latter was accomplished by removing the analog multiplexing circuitry
and fabricating an amplifier section for each individual IGEFET.

Nine IGEFET microsensor systems were fabricated on each IC die.
The IGE fingers were fabricated with second-level aluminum. The critical
dimensions for the IGE structure are shown in Table III-1. The
fabrication method employed by MOSIS was a scalable 2-micron, double-
metal, double-polysilicon, p-well technology [8]. The level-one metal was
used in part to form the ground plane as shown in Figure III-1. The
second-level metal was used to form the IGE floating - and driven-gate
elements. The general layout of the nine IGE arrays on a IC die is
sketched in Figure III-4. The outside dimensions of each IGE array are

1370 um by 1370 um. Figures III-5, III-6, III-7, and III-8 show
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additional features of typical interdigitated gate electrode structures and

their MOSFET amplifiers. Figure III-5 is the lowest magnification, and so

Table III-1.

Critical Dimensions of the Interdigitated Gate Electrode.

Number of Driven-Electrode Fingers 35
Number of Floating-Electrode Fingers 34
Driven-Electrode Area (um?2) 483,100
Floating-Electrode Area (um2) 468,900
Finger Width (um) 10
Finger Separation (um) 10
Overall Array Length (um) 1370
Overall Array Width (um) 1370

shows a large portion of an IGE. Figure III-6 depicts a higher level of
magnification, showing the metal strip of the floating-electrode extending
over the input of the MOSFET's channel. Figure III-7 shows a closer

view of the amplifier section. Figure III-8 shows a thin-film coating
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(~5,000 A thick) deposited onto a typical IGE.

Capt Thomas Jenkins performed SPICE simulation on the MOSFET
segment of the overall design [8]. The IC die was designed to reduced the
parasitic effects caused by having numerous lengthy metal conductors
routing signals on the IC die. To do this, only a single layer of metal was
used for signal pathways (excluding the IGEs), thus eliminating any
vertically spaced crossings between conductor runs [8]. Also, each array is
serviced by its own bondwires, thus reducing unintentional cross-talk and
providing a redundancy of function for those cases where an element may
fail.

The dies were packaged in 64-pin DIPs. The wirebond contact

functions are detailed in Table III-2.

Summary

The IGEFET microsensor is a well developed technology. The
device used in this study was designed by Capt Thomas Jenkins, and
fabricated by MOSIS. The devices delivered by MOSIS were inspected,
and metal-doped phthalocyanine thin-films deposited onto the IGE
structures using a vacuum deposition process. The IGEFET microsensors

were subsequently investigated as described in Chapter IV.
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Figure I1I-4. Sketch of Nine Interdigitated Gate-Electrode
Structures, Their Impedance Matching Amplifiers, and Wire
Bonding Pads [8].
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Figure III-5. Overhead View of a Portion of Interdigitated Gate

Electrode and Impedance Matching Amplifier (50X).
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Figure III-6. Overhead View of a Portion of Interdigitated Gate

Electrode and Impedance Matching Amplifier (200X).
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Figure I1I-7. Overhead View of the Impedance Matching Amplifier
(400X).
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Figure III-8. Overhead View of the Interdigitated Gate Electrode
Structure with a 3,900 A Thick CuPc Deposition (400X).
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Table III-2.

64-Pin DIP Wirebond Contact Function Summary (Continued on the nexi
page).

Pad Number Signal Name and Associated Microsensor

1 Vbias IGE #6

2 Vss IGE #6

3 Vout IGE #6

4 Vad IGE #6

5 Floating-Gate IGE #6

6 Driven-Gate IGE #6

7 Driven-Gate IGE #3

8 Vot IGE #3

9 Vbias IGE #3

10 Vss IGE #3

11 Vout IGE #3

12 Va IGE #3

13 Floating-Gate IGE #3

14 Vot IGE #2

15 Vbias IGE #2

16 Vss IGE #2

17 Vout IGE #2

18 Vai IGE #2

19 Floating-Gate IGE #2

20 Voff IGE #1

21 Vhbias IGE #1

22 Vss IGE #1

23 Vout IGE #1

24 Va IGE #1

‘ 25 Floating-Gate IGE #1
26 Driven-Gate IGE #1

27 Driven-Gate IGE #2

28 Driven-Gate IGE #5

29 Driven-Gate IGE #4

‘ 30 Voff IGE #4
31 Vbias IGE #4

32 Vss IGE #4

| 33 Vout IGE #4
| 34 Vdi IGE #4
| 35 Floating-Gate IGE #4
! 36 Vot IGE #5
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Table III-2.

64-Pin DIP Wirebond Function Summary (Continuation from Previous
Page).

Pad Number Signal Name and Associated Microsensor

37 Vbias IGE #5
38 Vss IGE #5
39 Driven-Gate IGE #8
40 Driven-Gate IGE #7
41 Voff IGE #7
42 Vbias IGE #7
43 Vss IGE #7
44 Vout IGE #7
45 Va IGE #7
46 Floating-Gate IGE #7
47 Voft IGE #8
48 Vbias IGE #8
49 Vss IGE #8
50 Vout IGE #8
51 Vai IGE #8
52 Floating-Gate IGE #8
53 Votf IGE #9
54 Vbias IGE #9
55 Vss IGE #9
56 Vout IGE #9
57 V4 IGE #9
58 Floating-Gate IGE #9
59 Ground Plane

60 Driven-Gate IGE #9
61 Vout IGE #5
62 Vd IGE #5
63 Floating-Gate IGE #5
64 Vot IGE #6
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IV. Experimental Methodology

The discussion of experimental methodology is divided into two
sections. Section IV-I discusses the basic microelectronic sensor device
studied, the specific questions to be answered, and the primary issues
addressed during the investigation. Section IV-II describes the tasks which
were accomplished during the investigation to provide the data required

for resolving the questions posed.

Section [V-I.

IGEFET Device. Coating the interdigitated gate electrode (IGE)
structure of the interdigitated gate electrode field-effect transistor
(IGEFET) with a metal-doped phthalocyanine thin-film results in a gas

detector which has shown significant promise for sensing
organophosphorus compounds and NO2. The IGEFET is based on the

conventional metal-oxide-semiconductor field-effect transistor
(MOSFET). The interdigitated gate electrode (IGE) structure is
composed of two fundamental components. One component is the floating
-electrode. The other is the driven-electrode. In operation, the driven-

electrode may be excited with an external dc voltage, a voltage pulse, or a
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harmonic signal. The excitation signal is electromagnetically coupled to
the floating-electrode. As the charge levels change on the floating-
electrode, variations in the MOSFET source-to-drain channel's
conductivity are induced [14:2356]. These changes can be readily
detected and amplified. The IGEFET structures become useful for
detecting gaseous organophosphorus compounds and nitrogen dioxide
when their interdigitated gates are covered with a thin-film of a metal-
doped phthalocyanine semiconducting polymer [7; 14; 22; 26].

Gases Tested. The challenge gases used in this investigation
included: ammonia (NH3), boron trifluoride (BF3), diiéopropyl
fluorophosphonate (DFP), diisopropyl methylphosphonate (DIMP),

dimethyl methylphosphonate (DMMP), and nitrogen dioxide (NO2).

Ammonia was selected for study because of its highly polar nature and the
fact that the nitrogen portion of the molecule acts as an electron donor
[23:473]. The anticipated action of the ammonia would be to increase the
resistance of the p-type semiconductor metal-doped phthalocyanine thin-
films. Boron trifluoride, a strong o—electron acceptor, was included for
comparison with nitrogen dioxide, a strong m-electron acceptor. The
organophosphorus compound challenge gases, DFP, DIMP, and DMMP,

were chosen because they can be safely handled under a chemical hocd,
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and they are chemical analogs of the more toxic chemical warfare nerve
agents. Characterizing the interaction of these challenge gases with the
p-type semiconductor MPc thin-films when individually exposed under
controlled conditions was the purpose of this research.

Thin-Film Materials.  Several metal-doped phthalocyanine
polymers, including cobalt-phthalocyanine (CoPc), copper-phthalocyanine
(CuPc), and nickel-phthalocyanine (NiPc) have demonstrated their ability
to perform as IGEFET gas-sensitive thin-films because of their capacity to
interact with the challenge gases of interest in a measurable fashion [7; 22;
26]. The thin-film, metal-doped phthalocyanine polymer which covers
the interdigitated gate electrode array forms a significant portion of the
lossy dielectric which couples the floating- and driven-electrodes. The
complex dielectric constant of the chemically-active, thin-film coating
changes when certain gaseous compounds interact with it. This chemical
activity is correspondingly reflected in the strength of the signal which
couples the floating- and driven-electrodes as a measurable change in the
MOSFET's drain-to-source current [7; 22; 26]. Measuring the gas-
induced changes manifested by the degree of signal coupling via the
electrical impedance establishes the basis for using the IGEFET with a

chemically-active thin-film coating as a gas sensor.
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Problem Statement. 1GEFETS coated with thin-films of cobalt-
phthalocyanine (CoPc), copper-phthalocyanine (CuPc), and nickel-

phthalocyanine (NiPc) are known to interact with the challenge gases

included in this investigation; specifically, ammonia (NH3), boron

triflouride (BF3), diisopropy! fluorophosphonate (DFP), diisopropyl
methylphosphonate (DIMP), dimethyl methylphosphonate (DMMP), and
nitrogen dioxide (NO2). The question to be answered is what are the

dependencies of these interactions upon the polymeric thin-film material
type, its thickness, the operating temperature, the relative humidity, and
the challenge gas concentration. The optimal combination is defined in
this context to be the set producing the best indices of sensor sensitivity,
selectivity, and reversibility. The calculation of these indices is defined in

the Definitions section of Chapter 1.

Section IV-11

Methodology. This investigation began by delineating the specific
physical and electrical characteristics to be measured and the parameters to
be varied during the gas sensor evaluation. This portion of the

investigation was carried forward by reviewing the current literature,
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prior theses, and discussions with Captain Wiseman and Lt Colonel
Kolesar. Using this background, the situations most likely to yield
favorable IGEFET performance measurements were established as shown
in Chapter I, Table I-2. The physical issues included cross-sectional
photography and dimensional measurements of the IGE structure; both
with and without the MPc thin-films. To further narrow the field of
potential test parameters, a short series of experiments was performed to
identify the appropriate bias voltages and a favorable configuration for
running the in situ impedance matching amplifiers which served as the
_interdigitated gate electrodes on each IC die. Another series of tests were
arranged to further limit the region of the test matrix most likely to
contain the optimal combination of factors including the thin-film
thickness, temperature, and the exposure and purge cycle durations. Time
also permitted the pursuit of a short, third series of tests which focused on
the IGEFET respcnses to DIMP and DMMP at 30°C, 90°C, and 150°C.

The measurements chosen to characterize the solid-state
performance of the IGE structure included the direct current resistance,
gain and phase angle versus frequency, ac impedance versus frequency,
and the time-domain response. These measurements were made using

independent instruments instead of simply computing the redundant
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parameter. The test instrument configuration provided a degree of
internal measurement verification. While these measurements were being
established, the initial fabrication and physical characterization (dimension
measurements) were accomplished.

IGEFET Physical Measurements. The visual inspection and
microphotography of the IGE and IGEFET structures were accomplished
to assess the physical characteristics of the electrodes and the physical
structure that the thin-film would have when it was applied to an IGE.
The acceptance criteria for the devices in this step was no observable open
or short circuits in the IGE structure, and no breaks in the bond wires.

Figure IV-1 is a drawing depicting an unpackaged array of nine
individual IGEFET elements. An unpackaged IGEFET array was
sacrificed to facilitate taking scanning electron microscopy (SEM)
photographs of its surface features. Figure IV-2 depicts an overhead view
of a portion of the IGE structure. After taking these views, the IC die was
broken to permit a cross-sectional perspective of the IGE structure with
the SEM (Figure IV-3). Figure IV-3 depicts a cross-sectional view of a

single electrode finger supported on a silicon dioxide layer. Below
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Figure IV-1. Sketch of Nine Interdigitated Gate-Electrode

Structures. Their Impedance Matching Amplifiers, and Wire
Bonding Pads [8].
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Figure IV-2. Overhead View of the IGE Structure Showing the
Floating-Electrode Extending Towards the MOSFET Gate Contact.
(296x magnification).
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these two features is a metal ground plane which is supported by a thick
silicon dioxide layer. Approximate dimensions for these layers are
labeled in Figure IV-4. The MOSIS etch process used to remove the
silicon dioxide from the region between the metal electrodes produced
significant undercuts below the edges of the metal electrodes. The silicon
dioxide layer between the electrodes was etched to a level slightly below
the lower edge of the metal electrode. The deviations from the 'desired’
structure were not significant enough to preclude further testing. SEM
photographs were made of an IGE coated with a thin-film of CuPc
(Figures IV-5 and IV-6). These figures show that the CuPc thin-film
does not extend between the metal electrodes as a continuous layer. That
is, air gaps exist at the fringes of the interdigitated, space-filling CuPc thin-
film. This situation is depicted in Figure IV-7.

Thin-Film Coating Deposition. The chemically-sensitive thin-film
coatings were applied to each of the nine IGE structures on each of the
mounted IC die in the 64-pin DIPs. These coatings were applied using a
vacuum deposition system (Denton Vacuum Corp., Model DV-602) via the
process described in Appendix A. The phthalocyanine based compounds
were deposited at thicknesses ranging from 1,000 A t0 30,000 A,

depending upon the objective of the associated experiment. Three
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Figure IV-3. Cross-Sectional View of an IGE Finger Supported by
Silicon Dioxide Showing the Undercut Below the Edge of the IGE
Finger. (23,200x magnification).
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Figure 1V-4. Sketch of the Photograph in Figure 1V-3. Cross-Sectional
View of the Etch Induced Undercut Below an IGE Finger: (a)
Cross-Sectional View Orientation of (b) Undercut Structure.
Approximate Measurements: A = 587 nm, B = 313 nm, C = 352 nm,

D =1097 nm, E = 789 nm, and F = 195 nm.
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Figure IV-5.
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IGE Finger and a Portion
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Figure IV-6. Higher Magnification of an IGE Finger's
Cross-Sectional View. The Tapering of the Copper-Phthalocyanine
Layer (CuPc) and Discontinuity Between the Interdigitated CuPc
and the CuPc Deposited Upon the Metal Finger can be
Observed(26,300x magnification).
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Figure IV-7. Cross-Sectional View of an IGE Finger Depicting the Gaps

Present Between the Metal-Phthalocyanine (MPc) Thin-Film and the IGE
Fingers with Devices Fabricated by Vacuum Depositon.

A = the Film-Thickness. B = the Vertical Distance Between Top of
Thin-Film and Top of Electrode Finger. C = the Gap Between Side-wall
of an Electrode Finger and the Side of the Thin-Film Deposited in the
Interdigitated Space.

thicknesses (2,000 /OX, 5,000 A, and 10,000 1&) were chosen for the coatings
applied to the majority of the devices used in the experimental gas
exposure measurements. Information concerning the thin-film coatings
applied to particular IGE structures tcsted is in Table IV-2.

Thickness mcasurements of the thin-films were made using a stylus

profilometer (Sloan Technology Corp., Model Dek-Tak 900051). These
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measurements were implemented on thin-films deposited onto blank
silicon wafers co-located with the IGEFET DIPs while they were being
coated. Prior to taking the thickness measurements, the test wafers were
coated with approximately 200 A of gold to prevent scratching the MPc
coatings with the profilometer, as reported by Capt Thomas Jenkins
[7:C-9]. The gold coatings were applied with a sputter coating device
(Structure Probe Inc., Model 13131). The film thicknesses provided by
the profilometer were averaged to arrive at the thicknesses listed in Table
IV-1.

Testing the Device Impedance Matching Amplifier, Feedback
Configurations, and Bias Voltages. Figure IV-8 shows the circuit
diagram for the basic IGEFET device; it is composed of the IGE and its
associated impedance matching amplifier.

The basic performance of the in situ impedance matching amplifier
was evaluated to determine a set of voltage levels for the supply sources,

the inverting input gate configuration, and the bias current limiter.
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Summary Listing of Conditions used During Experimentation
(Continued on Next Page).

Table IV-1.

CuPc Films
Experiment Number] 3 and 5 6 and 7 4 8 9
Film Thickness 6000 6000 2000 1600 1600
(Angstroms) 12000 12000 50000 3900 3900
30000 30000 60000 8800 8800
Temperature (°C) 90 90 90 90 30/90 *
Carrier Gas| Room Air N2 Room Air N2 N2
Challenge Gas NO2 NO2 NO2 NO2 NO2
Gas Concentrations (ppb) 100 100 20 100 100
50
100
500
1000
Time-Domain Signal]l 50 Hz Sq S0Hz Sq |50 Hz Sq} 50Hz Sq |50 Hz Sq
CuPc Films
Experiment Number 10 11 12 13 14
Film Thickness 1600 1600 1600 1600 2400
(Angstroms) 3900 3900 3900 3900 27000
8800 8800 8800 8800 56000
Temperature (°C)] 907120 ** 120 120 120 120
Carrier Gas N2 N2 N2 Room Air N2
Challenge Gas NO2 NO2 Room Air] NO2 NO2
Gas Concentrations (ppb) 100 100 @1009% | 100ppb | 100 ppb
Time-Domain Signall 50 Hz Sq SOHzSq |50 Hz Sq| S0Hz Sq [50Hz Sq

= = Challenged at 30°C, Purged at 90 °C.

** = Challenged at Y0°C, Purged at 120 °C.
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Table IV-1.

Summary Listing of Conditions used During Experimentation

(Continued on Next Page).

CuPc Films
Experiment Number 15 16 17 18 and 24 21
Film Thickness 2400 1600 (B-phase] 2000 2000 1600
(Angstroms) 27000 3900 (R-phase] 10000 5200 3900
56000 8800 (B-phase] 14800 9900 8800
Tempcerature (°C) 150 150 150 150 150
Carmier Gas| Room Air Room Air |Room Air| Room Air {Room Air
Challenge Gas NO2 NO2 NO2 DMMP NO2
Gas Concentrations (ppb)] 100 ppb 100 30 200 1000 **>
50 400 30
100 800 50
500 1600 100
1000 3200 500
1000
Time-Domain Signal] 50 Hz Sq S0HzSq |50 HzSq| 50 Hz Sq [SOHz Sq
CuPc Films
Experiment Number, 27 31 34 35
Film Thickness 2100 2100 3200 3200
(Angstroms) 8200 8200
16000 16000
Tempcrature (°C) 150 150 150 150
Carmicr Gas| Room Air Room Air |Room Air{ Room Air
Challenge Gas NH3 BF3 DMMP DIMP
Gas Concentrations (ppb)i 500 ppm *** 1 105 ppm 10 ppm 3 ppm
unless otherwise noted} 16 ppm 24 ppm
106 ppm 105 ppm
250 ppm
500 ppm
Time-Domain Signall 50 Hz Sq 5O0Hz Sq |50 Hz Sq| 50 Hz Sq
*** = Preconditioning Exposure for 1.25 Hours.
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Table 1V-1.

Summary Listing of Conditions used During Experimentation
(Continued on Next Page).

CuPc¢ Films
Experiment Number 37 38
Film Thickness 3200 3200
(Angstroms)

Temperature (°C)l  150/90/30 150/90/30
Carmer Gas| Room Air Room Air

Challenge Gas] DMMP DIMP

Gas Concentrations (ppb)} 10 ppm 3 ppm
unless otherwisc noted

Time-Domain Signal] 50 Hz Sq 50 Hz Sq
**> = Preconditioning Exposure tor 1.25 Hours.
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Summary Listing of Conditions used During Experimentation
(Continued on Next Page).

Table IV-1.

CoPc Films

Experiment Number 19 20 26 28 34
Film Thickness 2500 2500 2500 2500 5200
(Angstroms) 5400 5400 5400 5400
10500 10500 10500 10500
Temperature (°C) 150 150 150 150 150
Carrier Gas| Room Air Room Air |Room Air] Room Air |Room Air
Challenge Gas NO2 NO2 BF3 NH3 DMMP
Gas Concentrations (ppb) 30 1000 **= 24 ppm {500 ppm ==} 10 ppm
50 30 48 ppm 16 ppm
100 50 106 ppm
500 100 250 ppm
1000 500 500 ppm
1000
Time-Domain Signal] 50 Hz 8q SO0Hz Sq |50 HzS8q| 50HzSq |50Hz$q
CoPc¢ Films
Experiment Number 34 37 38
Film Thickness 5200 5200 5200
(Angstroms)
Temperature (°C) 150 150/90/30  1150/90/30
Camer Gas| Room Arr Room Air |Room Arr
Challenge Gas DIMP DMMP DIMP
Gas Concentrations (ppb)l. 3 ppm 10 ppm 3 ppm
Time-Domain Signal] 50 Hz Sq S0Hz Sq |50 Hz Sq
**x = Preconditioning Exposure tor 1.25 Hours.
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Table IV-1.

Summary Listing of Conditions used During Experimentation
(Continued from Previous Page).

NiPc Films

Expenment Number 22 23 25 2932 and 34 30
Film Thickness 2600 2600 2600 2600 2600
(Angstroms) 6200 6200 6200 6200 6200
12500 12500 12500 12500 12500
Temperature (°C) 150 150 150 150 150
Carrier Gas| Room Air Room Air {Room Air| Room Air |Room Air
Challenge Gas NO2 DMMP DFP NH3 BEF3
Gas Concentrations (ppb)] 1000 *** 3200 =*> 1000|500 ppm **°| 24 ppm
unless otherwise noted 30 200 16 ppm | 105 ppm
50 400 106 ppm
100 800 250 ppm
500 1600 500 ppm
1000 3200
‘Time-Domain Signal|l 50 Hz Sq 50Hz Sq |50 Hz Sq| 5S0Hz Sq {50 HzSq
NiPc Films
Expcriment Number 34 35 37 38
Film Thickness 6800 6800 6500 6800
(Angstroms)
Tempcerature (°C) 150 150 150/90/30] 150/90/30
Carmier Gas| Room Air Room Air [Room Air| Room Air
Challenge Gas] DMMP DIMP DMMP DIMP
Gas Concentrations (ppb)} 10 ppm 3 ppm 10 ppm 3 ppm
unless otherwise noted
Time-Domain Signal] 50 Hz Sq 50Hz Sq |50 Hz Sq| 50 Hz Sq
*** = Prcconditioning Exposure for 1.25 Hours.
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The intent was to use these voltages throughout the remainder of the

challenge gas test matrix.

The first evaluation (determination of Vbias for operation) was

conducted to determine a favorable value for Vbias and to check the

gain/bandwidth of the MOSFET amplifier. A non-inverting input

configuration was chosen. Using the circuit shown in Figure IV-9, the
Vbias level was varied by adjusting the potentiometer (P1) until Vout was
zero volts with no input signal.  The supply voltages for the IGEFET

amplifiers, Vdd and Vss, were chosen to be + 5 volts and - 5 volts,
respectively. The Vout offset was minimized with a Vbias = -2.88 volts

measured with a VOM (B&K Precision Test Bench, Model 388-HD). A

basic feedback configuration was tested using the circuit shown in

Figure IV-9. The input sinusoidal test voltage was applied directly to the
floating-gate (FG) using a signal generator (Wavetek Corp., Model 186).
The voltage at the metal-oxide-semiconductor field-effect transistor
(MOSFET) differential amplifier output was measured with an
oscilloscope (B&K Instruments, Model 1570A).

The gain/bandwidth data was intended to verify the gain stability of
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Figure IV-8. Interdigitated Gate Electrode (IGE) and Impedance
Matching FET Amplifier: (a) Equivalent Circuit Diagram, and
(b) Equivalent Amplifier. (DE = Driven-Electrode,

FE = Floating-Electrode).
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the MOSFET amplifier when used in the non-inverting feedback mode.

The second experiment was designed to investigate the amount of dc
voltage drift that could be tolerated on the floating-electrode before the
output voltage of the MOSFET operational amplifier would saturate.

Since there is no convenient method for removing the dc voltage from the
floating-electrode while the device is being exposed to challenge gases, any
large drift might limit the dynamic range of the IGEFET system. Figure
IV-10 shows the circuit used to investigate the possible effects of large
voltage drift on the floating-electrode with respect to the dynamic range of
the IGEFET system with the amplifier configured as a voltage-follower.
This voltage-follower displayed a uniform gain versus frequency response.
The circuit is similar to ones depicted by Hufault [6:88-89].

Amplifier Al in Figure IV-10 is configured as a summing
amplifier. It sums the Vdc and Vac inputs at the inverting input through
resistors R1 and R2. Resistor R3 provides a feedback path to establish the
inverted gain of amplifier A1, which is set near zero dB. The impedance
matching amplifier A2 was configured as a voltage follower because it was
a straightforward configuration to implement with the current IGEFET

integrated circuit. The 10 kohm resistor (R4) provided a uniform load
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Figure IV-9. Operational Amplifier Performance Evaluation: (a) Circuit
for Checking the Gain, Bandwidth and Vbias Level, and (b)Calculation of
Theoretical Gain.
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for amplifier A2 while it was connected to the high impedance input of the

dual-channel oscilloscope (B&K Instruments, Model 1570A). The signal
generator for Vac (Wavetek Corp., Model 186) provided a sine wave that
was manually swept through selected frequencies ranging from 10 Hz to 5
MHz. The signal generator for Vdc (Hewlett-Packard, Model-6236B)
provided a dc voltage level that was set at the following voltage levels:
-3.80, -3.03, -1.00, 0, +1.00, +2.00, and +3.80 volts. In addition, Vbijas

for amplifier A2 was set at -2.87 volts dc as measured with a voltmeter

(B&K Instruments, Model 388-HD).
The dc voltage, Vdc, was set at one of the selected levels while the

frequency of the ac signal was varied. The outputs of the summing
amplifier A1 and the voltage follower amplifier A2 were ac coupled to the
oscilloscope inputs. These output voltages were recorded and compared at
each frequency of interest.

The dc resistance measurements across the IGE's driven- and
floating-electrodes were performed using the procedure recommended by
the electrometer manufacturer (Keithley Instruments, Inc., Model 617)
[10]. In particular, the electrometer was used in the voltage/ampere (V/I)

mode. This operational mode permits the
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R1 R3
Summing
Amplifier
Vin Vtest-in
Vin | To IGEFET
Floating-Gate
+5 volts
@ Gd} Voffset
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Vtest-in
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Amplifier
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= ° ) =
IGE IGE +5 volts
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-5 volts
Note: Voltage supplies for amplifier are +/- 5 volts dc.

Figure IV-10. Test Circuit for Establishing the Effects of dc Bias on
Floating-Gate Upon the Gain and Bandwidth of IGEFET Impedance
Matching Amplifier with the Voltage-Follower Configuration: R1 =
10.22 kohm, R2 = 10.26 kohm, R3 = 10.25 kohm, R4 = 10.19 kohm,
Al = 1/72 UA747CN, and A2 = IGEFET Impedance Matching Amplifier.
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measurement of resistances on the order of 1016 ohms [10:2-19]. Using
this mode minimizes the effects of the leakage resistances and distributed
capacitance [ 10:2-19, 26:4-30]. When operated in *his mode, the
electrometer uses a bias voltage to drive a current through the device
under test (DUT). For this investigation, the level of bias voltage was
selected to be in a region where the DUT would be expected to behave in a
linear fashion. The dc bias voltage used in conjunction with the
electrometer for the dc resistance measurements across the interdigitated
floating- and driven-electrodes was established by reviewing the previous
research accomplished by Jenkins [7:5-13,15], Shin [22:1V-7] and Hamann
[5:77]. This bias level is a 'best pick' choice for attaining a region of
voltage versus resistance which closely approximates linearity for the
CuPc, CoPc, and NiPc materials.

Computer Controlled Data Gathering Using the GPIB
Interconnected Instrumentation. One of the prime objectives of this thesis
was to collect data from five instruments, on a minute-by-minute basis,
for periods of time extending exceeding one day in duration. A
reasonable methocd of accomplishing this objective was to utilize the
General Purpose Instrumentation Bus (GPIB) available on all of the

primary measuring instruments. The GPIB bus was controlled with a
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Zenith 248 personal computer equipped with a GPIB interface card
(Capital Equipment, Model PC<>488).

The general layout of the GPIB controller, instrumentation, and the
devices under test are depicted in Figure IV-11. Detailed signal flow and
wiring diagrams are available in Appendix I. The software to control the
GPIB instrumentation was originally written in BASIC, and then
translated into PASCAL. The PASCAL package was modified as changes
arose in the requirements for the software's performance.

The software performed several functions while controlling the
GPIB system shown in Figure IV-11. The software reset, initialized, and
triggered the instrumentation, and then stored the data on magnetic media.
Simultaneously, the software sequenced the opening and clcsure of the
signal line switching relays which routed the signal line pathvsays from the
instrumentation to each of the nine IGEFET microsensors in chamber #1
and chamber #2, so that measurements could be made on all the elements
of both of the microsensor arrays in rapid succession.

Each test chamber contained a single, 64-pin DIP which held a
single IC fabricated with nine individual IGEFET systems. Each IGEFET
system was composed of an interdigitated gate electrode (IGE) and an

impedance matching amplifier with one input (a MOSFET gate)
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Figure IV-11. Instrumentation and GPIB System Architecture.
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connected to the floating-electrode. The IGEFET DIP in test chamber #1
was used to study the IGE structure's dc resistance and impedance values.
The IGEFET DIP in test chamber #2 was used to study the IGEFET
system's response, including the overall system's gain/phase, time- and
frequency-domain response to 50 Hz square waves at 2 volts peak-to-peak.

Two relay scanner frames (Wavetek Corp., Model 603, and
Keithley Instruments Inc., Model 706) formed the switching matrix
providing signal paths between the instruments and the integrated circuits.

In test chamber #1, either dc resistance measurements or impedance
measurements were collected, but not simultaneously. That is, when in the
dc resistance mode, a measurement (Keithley Instruments Inc., Model 617)
was taken every 20 to 30 seconds on one of the IGE structures. This
meant that each individual array element was assayed approximately every
4 minutes. Figure IV-12 depicts the test wiring diagram for the dc
resistance measurements across the IGE. When this chamber was used in
the impedance mode (Hewlett-Packard Co., Model HP-4194A),
measurements were taken on each individual array element approximately
every 15 minutes.

In test chamber #2, three individual IGEFET systems were always
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Figure IV-12. DC Resistance Measurements. (DE = Driven-Electrode,
FE = Floating-Electrode, Voff, Vcc, Vss, Vbias, and Vout are Not

Connected (NC)).
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being measured at any one time. While the gain/phase response of one
IGEFET system was being measured (Hewlett-Packard Co., Model HP-
4194A), the spectrum response of a second IGEFET system was being
gathered (Hewlett-Packard Co., Model 4195A), and the time-domain
response of a third IGEFET system was being collected (Hewlett-Packard

Co., Model HP-54100A). The function generator (Wavetek Corp., Model
23) provided a 50 Hz, 50 % duty cycle square wave with a 2 voltpk-to-pk

signal amplitude which served to excite the microsensor's driven-
electrode. Figure IV-13 depicts the gain and phase angle measurement
scheme for the IGE's impedance matching differential amplifier system
response. Figure IV-14 depicts the gain-phase measurement scheme for
accomplishing the response measurements for the impedance amplifier
only.

The impedance matching amplifiers in the IGEFET systems were
configured as voltage followers (unity-gain). The low-noise amplifier
(Stanford Research Systems, Model SRS60) was used with unity gain and a -
3 dB rolloff at 1 MHz to provide optimal ac coupling to the oscilloscope.

The output of the impedance matching amplifiers of the IGEFET
systems were ac coupled through an amplifier (Trig-Tek Instrumentation,

Model 205B) before being passed to the spectrum analyzer.

IvV-32




Hewlett-Packard, Model 4194A
Gain and Phase Analyzer

b MBR

: 7/

.||..

D
D D
m GPIB Controlied

' rreelLorer | gom smenns

| s—%(
I:u—riﬂ‘” /

alt
Q5

= N

L}

j backplane ground '

—\—I

v
N
\_D
\—i

g,

Figure 1V-13. IGEFET System Gain and Phase Angle Response
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Disconnected During Testing. DE = Driven-Electrode. IGE =
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Figure IV-14. Gain and Phase Angle Characterization of the MOSFET

Impedance Matching Amplifier. (DE = Driven-Electrode,
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A 64-pin DIP header was constructed with known resistor values
soldered between the pins that matched the floating-gate and driven-gate
pairs on the IGEFET DIP. A similar header was constructed with known
resistor values soldered between the pins that matched the driven-gate and
impedance matching amplifier pairs on the IGEFET DIP. These headers
were used during the test and development of the software and hardware
reflected in the Figure IV-11 architecture. The resistor header values
were measured by the various instruments and recorded on a floppy disk
for storage. The values recorded were ch;ecked against those actually in
the headers. The software/hardware was cycled relative to known
checkpoints to verify the proper opening and closing of the signal
switching relays.

To check the overall bandpass and attenuation of the signal
switching system, a 20-dB attenuation standard (Pomona Electronics, 4108-
20 dB, 50 ohms) was inserted at test cabinet #2, between the input/output
cable pair that would normally be connected to the driven-electrode and
impedance matching amplifier's output for IGEFET array #1. The
measured attenuation was -19.9 dB.

Test Chamber Fabrication. The test chambers and test-lead cabinets

used for the gas exposure experiments were designed and built at AFIT.
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These chambers were modified by replacing the original zero-insertion-

force sockets (ZIFs) with more robust versions capable of withstanding

temperatures up to 200°C (3M Corporation, Textool PNs 264-4493-39
-240 and 264-4493-00-2422).

The test chamber is a rectangular box with all but the bottom made
of stainless steel. The bottom of the box is a printed circuit board with a
64-pin ZIF receptacle mounted upon it. In addition, leads for the dc
power supply for the internal heater strip and leads for a thermocouple
entered the test chamber through the printed circuit board. All of the
openings were sealed with a flexible, high-temperature adhesive. The
internal heater strip was sandwiched between the ZIFs and the 64-pin DIP
during testing to establish and control the temperature of the DIP. The
DIP's surface temperature was measured with a thermocouple attached to
the top of the DIP.

The test chamber was mounted on an aluminum cabinet. Individual
50-ohm coaxial test leads were connected to each of the 64 pins of the ZIF,
and they pass directly from the bottom of the test chamber into the
interior of the aluminum cabinet. The cable shields are tied together and
terminated on the body of the test cabinet. The test lead center conductors

are terminated on BNC bulkhead connectors mounted on the
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front panel of the aluminum cabinet. During the test measurements, the
cabinet and the interior shields were tied to the signal path grounds which
isolated them from the power supply ground paths.

Gas Delivery System. The gas delivery system controlled the
concentrations and volume flow rates of the carrier (purge and diluent
functions) and challenge gases. These gases are delivered to the test
chambers, as depicted in Figure IV-16.

The carrier gases used in the experiments were either dehumidified
room air or pure N2. The room air was dehumidified using a desiccant

vessel, and then passed through an activated charcoal filter to remove
organic contaminants. This process was monitored with a hygrometer.

The gas generation system provided flow control of the carrier and
challenge gases. Provision was made to mix these gases prior to their
entry into the test chamber.

The test gases were generated from gas permeation tubes (G-Cal
Permeation Devices, GC Industries, Chatsworth,California) containing the
particular gas molecules of interest. The permeation tubes release the gas
of interest at a predetermined rate which depends upon the tube's
temperature while it is situated in a heating bath (NesLab, Model RTE-

8DD). The actual concentration of the challenge gas generated is then
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established by controlling the volume flow of the carrier gas across the
throat of the tube. The flow rate of all the gases entering the test chamber
was controlled by using calibrated glass-bead flow meters (Gilmont
Instruments, Inc., Great Neck, New York). With the exception of the
glass walls and teflon fittings of the flow meters, the gas pathways were
stainless-steel tubing.

Experiments Designed to Limit the Range of Variables (Series I). A
series of experiments (Series I) was conducted with the purpose of
establishing coarse boundaries on the ranges of five experimental variables.
One variable was the temperature to be used for the gas exposures.
Another variable was the range of film-thicknesses expected to bracket a
'best' thickness at a fixed exposure temperature. The third was the choice
of carrier and purge gas. The fourth variable was the length of time the
thin-films would be exposed to the challenge gases. The fifth was the
length of any 'preconditioning' or 'curing' exposure associated with the
challenge gases.

This series of experiments was conducted using the GPIB system
shown in Figure IV-11. The gas delivery system is depicted in Figure
IV-16. Details of the experimental results are presented in Chapter V.

Based upon the preliminary test data conducted to evaluate the
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IGEFET operational amplifier's bandwidth and gain as the dc level on the
floating-electrode was varied from +3.8 to -3.8 volts dc, the basic
operational configuration for the gain/phase, spectral and pulse
measurements were conducted with the MOSFET amplifiers operated as
unity-gain devices with a bias voltage at 0 volts dc. This configuration
manifested good stability and bandwidth.

The Series I experiments were conducted with the IGEFETSs coated
with CuPc thin-films of various thicknesses and NO2 as the challenge gas.

This combination was selected because previous investigators [7, 26]
resported achieving reproducible responses relative to the challenge gas

concentrations that could be produced with the gas generation system.
Using the CuPc thin-films and the NO2 challenge gas as a routine

parameter pair, the effects of temperature were investigated. Identifying a
single operational temperature for the exposure and purge cycles was of
primary interest. The goal was to establish a temperature which
manifested acceptable sensitivity and reve sibility in a time frame less than
60 minutes. The upper limit of the temperatures investigated was bounded
by the components used in the construction of the test chamber; a
maximum excursion of 200°C. Thus, a series of gas exposure and purge

responses at 30°C, 90°C, 120°C, and 150°C were investigated. One test
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was accomplished at 30°C for the entire test, with the exception of a one
-hour long trial at 90°C during the post-exposure purge cycle. Another
test trial was accomplished using 90°C for the entire test with the exception
of a one-hour duration trial at 120°C during the post-exposure purge cycle.
The temperature chosen as the 'best' temperature tested was 150 °C. This
choice was reinforced by work performed on lead-phthalocyanine thin-
films conducted by Cranny and Atkinson [3:172]. The 150“C operating
temperature reduced the apparent influence attibuted to oxygen and water
vapor, and it also dramatically shortened the PbPc recovery time [3:172].
The 150°C temperature was used for the majority of all subsequent Series
IT challenge gas exposure and purge trials.

Determining a range of film-thicknesses to be used for the
investigation was difficult. As a preliminary step, scanning-electron
microscopy photographs of coated and uncoated IGE structures were
analyzed. There appeared to be an air-gap between the metal fingers of the
IGE and the MPc material deposited between, and upon, the fingers. In
addition, a significant undercut below the edges of the metal IGE finger's
at the interface between the metallic fingers and the supporting silicon
dioxide. This undercut appeared to be an artifact of the IGEFET

fabrication process. Initially, MPc film thicknesses were considered that
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would provide three different levels of overlap between the top of the MPc
film and the edges of the metal fingers. For the initial studies, the chosen
thicknesses were 2,000 A, 12,000 A, and 30,000 A. Figure IV-7 depicts
the relation between the tope of the MPc and the IGE fingers. The first
thickness was intended to provide a small overlap of the top of the MPc
film with the lower edge of the metal finger. The 12,000 A thick film
established the top of the MPc film between the top and bottom edges of the
metal finger edges. The third thickness (30,000 A) resulted in the top edge
of the MPc layer extending past the upper edge of the metal fingers. After
testing these thicknesses, an assessment was made regarding their ability to
sense a challenge gas and then subsequently revert to the pre-exposure
condition. Based upon these results, a second set of film thicknesses was
identified (2,000 A, 5,000 A and 10,000 A). These thicknesses were used
for the bulk of the remaining Series I and Series II tests.

The selection of a carrier and purge gas was determined by

examining the merits of using N2 or dehumidified room air as diluent and

purge gas. N2 was attractive because the number of gas components in the

system during the purges would be limited to one, and the number during
challenges would be two. This situation contrasted the multicomponent

system resulting from the use of room air as the carrier and purge gas. To
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assess the affect of N2 versus dehumidified room air as a purge gas, a seven-
hour long test was conducted at 120°C. During the first three hours of the

test, N2 was used in the test chambers. Room air at 8 % relative humidity

was utilized for the next hour, followed by an N2 purge lasting three

hours.
The decision to use room air as the purge and carrier gas was made
based upon the desire to test the devices under conditions in which they

would likely be exposed to in practical applications, namely room air, not a
pure N2 atmosphere.

The choice of the type of signal waveform for the time domain
analysis was influenced by the early findings in the frequency-domain
response data gathered during the Series I tests. Initially, the waveform
used was a voltage pulse with a repetition rate of 1,000 Hz. These early
tests were examined for changes in the frequency- and time-domain content
upon exposure to the challenge gas. The pulse waveform contained
significant power in only the higher harmonics of the 1,000 Hz
fundamental. Since we found the overall IGEFET system response similar
to a low-pass filter with the transfer function shape modulated by the

challenge gas exposure, much of the low frequency information regarding
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the modulation was lost when using the pulse wave described above. In
order to gather more information in the lower frequency region, a
waveform with a much lower fundimental harmonic frequency content was
desired. In addition, a symmetric, square wave was chosen to reduce any
dc voltage charge-induced buildup at the driven- and floating-electrodes.

A square wave with a 50 Hz repetition rate, 50 % duty cycle, and
2 voltpk-to-pk amplitude was chosen for the remainder of the Series I, and

subsequent Series II tests.

Establishing the exposure duration for the challenge cycles was
motivated by the desire to operate near equilibrium, but not to the point of
saturation. During the initial experiments in the Series I exposures, the
trials were one-hour long. In most cases, this time duration was much
longer than needed for the resistance values to attain equilibrium. Usually,
approximately 15 minutes was sufficient to attain a near-equilibrium
response.

Another related issue was the question of whether or not to 'pre-
condition' (or 'cure') the films by exposing them to a 'very high'
concentration of the challenge gas (larger than would normally be expected
in the environment) for a 'very long period of time', at the start of each

new test. Results reported by Wilson et al [25] while working with PbPc
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thin-films exposed to NO2 supports the concept of preconditioning. That is;

Essentially, to attain reproducibility the sensor must be
operated with a constant residual value, which we call the
baseline, of strongly bound NO2 on the surface. Further,

reversal of the sensor response in clean air to remove less
strongly bound NO2 must not be allowed to continue too long,

otherwise a proportion of the strongly bound NO2 will

desorb, change the fractional surface coverage, and hence
modify the response kinetics. Typically, the behavior of a
fresh film exhibits an initialization effect whereby the sensor
shows little response to the presence of NO2 over a period of

several hours. This is attributed to population of the various
adsorption sites by NO2 and desorption of bound oxygen. On

subsequent exposures to NO2 the response increases until
reproducible kinetics are obtained.... If the sensor is reversed

in clean air, a certain base surface coverage will remain,

giving a measurable response on subsequent exposures. If,

however, the sensor is fully reversed, for example by

heating... the initialization process is observed again.

[25:500].

A Series I test was conducted with a one hour long exposure prior to
exposures at lower concentrations to provide data to evaluate the impact of
the preconditioning process. The resistance values from this test were
compared to the results obtained with the same concentrations of gases, but
without the preconditioning exposure. The comparison focused on the

effects noted in the overall baseline drift throughout the entire test's

duration.
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Based upon the initial Series I tests, it was decided that an hour long
preconditioning exposure to the highest concentration to be used during the
test would provide a more stable baseline for calculating sensitivity and
reversibility. A one hour duration preconditioning exposure was
incorporated in all the Series II tests.

Although no testing of the effects of relative humidity were
accomplished during this research effort, a fixed level of relative humidity
used during this investigation was established based upon the work of prior
investigators [5:76]. The desired level of relative humidity (RHAPSODY)
in the purge and carrier gases passing through the test chamber during the

experiments was controlled to a level spanning 0 to 10 %. The RH was
limited because H20 molecules are known to compete for absorption sites

on the thin-films [5:76]. The humidity of the room air carrier gas was
reduced to an acceptable level by passing it through an absorbent material
prior to routing it to the gas metering and challenge gas generation
apparatus. Additionally, the temperature of an IGEFET sensor under test

was thermostated at 150°C + 2°C. At this high temperature, any absorbed

H20 molecules would be evolved from the thin-film surface with the added

effect of desorbing weakly bound O2 [3:172]. An additional impetus for
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drying the air was the possibility that the challenge gases might interact
with the H20. As an example, the NO2 challenge gas may react to form

nitric acid [5:76]. That is;

4NO2 + 2H20 + O2 ----> 4HNOs3. av-1

To summarize, the series I tests were used as a basis for identifying
the basic test parameter boundaries that were used during the Series II
tests. The parameter boundaries used for the Series II tests included: film
types (CoPc, CuPc and NiPc); nominal film thicknesses of 2,000 A, 5,000
A, 10,000 A; temperature for challenge and purge cycles thermostated at
150°C; the gas for the carrier and purge cycles (dehumidified, filtered
room air); the time-domain signal input was a 50 Hz, 50 % duty cycle
square wave with a 2 voltpk-to-pk amplitude; and a one-hour duration
preconditioning challenge gas exposure.

Focused Testing (Series IT). At the end of the preliminary test
phase, a set of particularly promising test variable ranges and test
conditions had been defined. This led to the structured test and evaluation

paradigm depicted in Figure IV-17. The following nominal test

IV-48



parameters were applied to the paradigm: BF3, NO2, DMMP, DIMP, and

NH3 for the challenge gases; CoPc, CuPc, and NiPc as the thin-film

materials with 0.2, 0.5, and 1.0 pm as the their thicknesses; 150° C as the
sensor's temperature; and two to five different challenge gas
concentrations would be utilized. The test cycle manifesting the best
perfomance was chosen with a preconditioning, high concentration
challenge gas exposure with the intent of curing the thin-films and
reducing the amount of baseline drift with respect to time.

The time phasing of the purge and challenge gas merits an
explanation. At least two hours prior to activating the data collection
instrumentation, the IGEFETS to be tested were placed in their respective
test chambers. In the time period prior to the data collection process, the
DIPs were brought up to the 150°C test temperature with room air purge
gas flowing over them. After this 2-hour stabilization process, the data
collection process was initiated. For fifteen minutes, the purge process
was continued to collect the baseline data. Next, the DIPs were challenged
with a high concentration of challenge gas for 1.25 hour. This process
established the preconditioning phase. This event was followed with an
hour long purge. The remainder of the test cycle consisted of serially

challenging the DIPs for fifteen minutes, and then purging them for one
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hour. These challenge/purge cycles were repeated four times at each
concentration of the challenge gas. Each challenge gas was typically tested
using two to five different concentration levels. This meant that the data
collection for a particular type of film, for a particular challenge gas,
could consume nearly 30 hours.

The test paradigm used to capture the test variable ranges was
established as a nested loop structure. Figure IV-17 depicts the nested
structures. The central loop represents the test features that were iterated
most frequently, namely, the specific IGE device or IGEFET microsensor
system selected from the DIP's 3 x 3 array. Two, nine-element array
DIPs were tested at the same time; one in test chamber #1 and the other in
test chamber #2. One nine element array was used for dc resistance
measurements, while simultaneously, the other array had its ac parameters
measured. Moving outward in the nested loop, the various items iterated
upon are shown, until finally, the last item iterated upon is the type of gas
being used to challenge the coated IGEFETs.

One of the primary concerns in the test sequence was establishing
the amount of time needed for the IGEFETs to respond during a challenge
gas exposure and attain equilibrium. Based upon previous experiments

conducted on similar devices, the choice was made to use a single, one
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hour preconditioning exposure of the challenge gas, followed by a
purge/challenge cycle described in the previous paragraph. This was the
basis for the 'Test Cycle' loop in the nests.

A recap of the specific test parameters derived from the Series I
tests and used in the Series 11 tests is given in Table IV-2.

Series IIl Testing. A short series of tests were conducted to assess
the impact of lowering the purge and exposure temperature relative to the
response of the IGEs and IGEFET sensors to DIMP and DMMP at low
concentrations (3 ppm and 10 ppm, respectively). These tests were
conducted with a modified 'purge and expose' paradigm with three
different temperature phases. In the first phase, the temperature was
equilibrated at 150°C for 1.25 hours with the purge gas, followed by 1.25
hours of challenge gas exposure at the same temperature. At the
beginning of the second phase, the purge gas was selected, and the
temperature was lowered to 90°C. After 1.25 hours of purge, the second
challenge was accomplished at 90°C. The third phase purge and exposure
temperature was 30°C. At the end of the third challenge, the purge gas

was selected, and the temperature was increased to 150°C for 15 minutes.
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Table IV-2.

Test Parameters Used for Series II Testing.

Thin-Film Materials | CuPc, NiPc, CoPc

Nominal Film Thicknesses | 2,000 A, 5,000 A, 10,000A

Challenge Gases and | NO2 : 30, 50, 100, 500, 1,000 ppb
Concentrations | NH3 : 16, 106, 250, 500 ppm
BF3 :24, 105 ppm

DMMP: 0.2, 0.4, 0.8, 1.6, 3.2, 10 ppm
DIMP : 3 ppm

Test Temperature | Constant 150°C£2°C

Carrier/Purge Gas | Filtered room air (0 - 10% RH)

Vdd and Vss | +5 volts dc & -5 volts dc, respectively

Vbias | O volts dc relative to Vss

Impedance Matching Amplifiers in a Unity-Gain Configuration and a
Constant 10 kohm Load Resistor on the Outputs.

Summary.
In summary, the investigation process began with the visual and
electronic qualification of the uncoated IGEFET arrays received from the

MOSIS IC fabricator. The inspections continued with the SEM
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Pulsed Challenge Gas:
BF3, DFP, DIMP, DMMP, NH3, NOz2,

Thin-Film Material:
CoPc, CuPc, NiPc

Test Temperature:
150°C

( Challenge Gas Concentration:
Two to Five Concentrations

( Test Cycle: )
Air-to-Challenge gas or
Challenge Gas-to-Air
One 5-hour long cycle
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-Resistance - Gain/Phase each MPc coating are on a
-Impedance -Time-Domain single IC with nine IGEFETSs
Response per IC. (2,000 A, 5,000 A,
-Frequqncy- and 10,000 A film
Domain thicknesses)
. / \Response _J
&> <
\_ J
\_ J
\_ W,
\_ _J

Figure IV-17. Test Loop Relationships for Each of the Challenge
Gases ( BF3, DFP, DIMP, DMMP, NO2, and NH3).
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photographs of the bare IGE structure and the thin-film coated IGE
structures. The deposition of the thin-films was accomplished using
vacuum sublimation, and the film's thickness was established using stylus
profilometry. The material's deposited included the polymeric
semiconductors CoPc, CuPc, and NiPc. Once the devices were fabricated,
they were again checked for adequate performance prior to being exposed
to the challenge gases. An automated test and data collection system was
designed and constructed utilizing a GPIB instrument controller and a
GPIB-controlled signal pathway switching matrix which linked the test
equipment and the devices under test. Two test chambers were modified
to facilitate test temperatures as high as 200°C. They were also modified
to accommodate an entry port for the challenge gases so that they were
delivered above the thin-film coated IGEs. A gas generation system was
used to provide delivery of the purge and challenge gases to the device test
chambers. Two series of tests were performed to determine the sensitivity
and reversibility of the fabricated devices. Test Series I identified the
basic boundaries of the test parameters that promised to provide useful
information. The Series II tests accomplished an in-depth data gathering
effort as the test parameters were varied through their respective limited

ranges. The Series III investigation utilized a modified testing paradigm
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to investigate the affects of lower exposure and purge temperatures
relative to the response of DIMP and DMMP at low concentrations (3 ppm

and 10 ppm, respectively).
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V. Experimental Results and Discussion.

IGEFE 7" Device Physical Measurements.

Visual Inspection of the IGEFET Devices. A complete and detailed
macroscopic visual inspection of the devices and their packages did not
reveal any obvious defects or significant deviations relative to the physical
specifications sent to MOSIS for implementing the fabrication process.
Microscopic inspection of the IGEFET devices proved to be less
impressive. Specifically, the etching process used to remove the metallic
conductor material between the interdigitated gate-electrode (IGE) fingers
also removed much more material than anticipated, thereby reducing the
thickness of the insulating layer between the metal ground plane and the
region which supports the chemically-active thin-film material. The
etching process also severely undercut the material supporting the IGE
metal fingers. This defect is shown pictorially in Figures IV-3 and IV-4.

Determination of the IGEFET's Bias Voltages and Feedback
Configuration. Before evaluating the thin-film responses to the challenge
gas, the IGEFET's operational parameters for the in situ MOSFET
amplifier section established. The primary goal of this effort was to

establish a complete operational system configuration which would be very
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stable throughout the duration of the challenge gas exposure trials, and
which would not require a significant amount of operator intervention
while the experiments were being conducted. A fundamental issue
requiring resolution was whether the MOSFET amplifier would perform
as designed and simulated using the SPICE® software tool [8].

The initial MOSFET amplifier measurements focused on
determining the Vbias levels. Figure IV-9 shows the instrumentation

arrangement used to investigate the effects of varying the bias voltage,
along with the necessary components for configuring the amplifer's
feedback. By using resistive feedback components, the overall gain of the
amplifier could be readily established. This mode prevented the gain from
being dominated by the electrical nature of the amplifier itself, with its
inherent susceptibility to thermal effects and local noise sources.
Additionally, since the primary function of the MOSFET amplifier was to
provide isolation of the IGE structure from the loading effects imposed by
the test instrumentation, its utility in a stable operational mode was
desirable. Basically, the MOSFET amplifier acts as an impedance
matching device by providing maximum signal transfer with minimal
loading to the IGE structure. In the non-inverting mode, with gain, the

least amount of signal clipping was observed to occur when the amplifier
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was operated with an applied Vbias of -2.88 volts.

During this experiment, the gain/bandwidth information

demonstrated the stability and linearity of the MOSFET amplifier. Table

V-1 provides a comparison of the theoretical gains with those obtained by

direct measurement. The resistors, R1 and R2, are those shown in Figure

IV-8. The measured -3 dB bandwidth also is shown on Table V-1.

Table V-1

Non-Inverting Amplifier Configuration Performance.

Theoretical | Actual -3dB
(ohms) (kohms) | Gain (dB) | Gain (dB) Frequency (kHz)
1030 2,260 66.8 55.7 20
1030 114.7 40.93 39.6 200
10.7 1147 20.6 20.4 700

The theoretical gain for the non-inverting MOSFET amplifier

configuration matched the actual gains up to the apparent open-loop circuit

limit near 55 dB. The gain-bandwidth plots in Figure V-1 depict the

measured data collected during this experiment. Curve "A" resulted when

R1 and R2 were 1,030 ohms and 2.26 x 106 ohms, respectively. The
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Figure V-1. Gain versus Frequency. Experimental Results of the
MOSFET Amplifier with Vbias = -2.88 volts. (Plot A is for R2/R1 =
2,260/1.030. Plot B is for R2/R1 = 114.7/1.030. Plot C is for
R2/R1 = 114.7/10.7).
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theoretical gain of 66 dB was not achieved, and it is apparently bounded by
the limitations of the MOSFET amplifier's own open-loop gain. Curves
"B" and "C" were dominated by the resistive elements in the feedback loop,
as should be the case. This experiment provided sufficient information to

justify using the MOSFET amplifier in a feedback configuration with a
constant applied Vbias level. These initial experiments demonstrated the

feasibility of operating the MOSFET amplifier (a.k.a. impedance matching

amplifier or IMA) in a non-inverting feedback configuration with a
constant Vbias.

Since it was prudent to limit the magnitude of the output signal levels
from the system combinations of the IGEFETSs and their impedance
matching amplifiers (IGEFET-IMA5), the feasibility of using the IGEFET
-IMAs in a voltage-follower configuration was investigated. This
configuration required fewer resistors compared to the non-inverting
feedback design, and it also simplified the signal path connections. Figure
IV-10 depicts the configuration used while evaluating the voltage-follower
configuration for the IGEFET-IMA.

This next set of measurements validated the linearity of the IGEFET-
IMA when operated in a voltage-follower configuration. For inputs levels

spanning + 4 volts to - 4 volts, the gain linearity is shown in Figure V-2.
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This voltage range is far more broad than the range of voltages expected to
be impressed on the floating-electrode portion of the MOSFET gate-
electrode driving the input of the IGEFET-IMAs. Another important issue
addressed during this experiment was the ability of the voltage-follower
IGEFET-IMA configuration to provide a linear output as the dc voltage
level of the non-inverting input (the floating-gate electrode) drifted due to
positive or negative charge accumulations. The maximum expected dc
voltage drift was anticipated to be well within + 3 volts. The effects of the
change in voltage gain due to the floating-gate dc voltage drift by * 3 volts
while the IGEFET-IMA was configured as a voltage-follower, are shown
in Figure V-3 for representative dc levels of interest. Within the
frequency range less than 1 MHz, no significant signal clipping occurred.
In summary, the IGEFET-IMA was shown to possess stable, linear
operation when configured as a voltage-follower with a 10 kohm load

resistor applied to its output; supply voltages in the range of + 5 volts and
an applied Vbias level of -2.88 volts. The 10 kohm resistor provided a

constant, stable load to the operational amplifier's output.
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Figure V-2. Output Voltage versus Input Voltage for dc Linearity
Evalutaion of the IGEFET Operational Amplifier in Voltage-Follower
Configuration. (The X's indicate the Measured Values).
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Figure V-3. Gain versus Frequency for the Sinusoidal Modulation of the
DC Input Offset Values of: (a) +1.00 volt, (b) +2.00 volts, (c) +3.81 volts,

(d) -1.00 volt, (e) -3.03 volts, and (f) -3.80 volts.
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Choosing to configure the IGEFET-IMAs as voltage followers
proved to be a very good decision. Changes in the overall IGEFET-
microsensor's system response that might have been attributed to the
MOSFET-IMAs were reduced, and thus, the focus shifted towards
interpreting those changes induced by the thin-film's interaction with the

challenge gases.

Series I Performance Evaluation

The Series I performance evaluations focused on defining an
envelope of physical parameters which would provide an opportunity to
observe the interactions between the respective challenge gases and the
chemically-active thin-film coatings. The list of physical parameters
included, but was not limited to, the following: thin-film type, thin-film
thickness, challenge gas type, challenge gas concentration, operating
temperature, relative huinidity, and canier gas type.  Additionally, the
procedural steps employed while conducting these experiments had a direct
impact on the overall system's response to the challenge gases.

The initial thesis plan of attack proposed to reduce the physical test
parameter domain to a set of three operational temperatures, three thin-

film types, three thin-film thicknesses, two relative humidities, three or
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four challenge gas types, three or four concentrations of each type of gas,
and each challenge gas concentration exposure was to be repeated three
times. The initial experiments revealed that, for the CuPc thin-film
material to achieve a psuedo-equilibrium during each phase of a purge-
challenge-purge gas exposure cycle, a minimum of approximately two
hours was required. Once this tentative time requirement was established,
a projection for the total experimental manhours was computed. Due to
the scope of the testing, this detailed projection of the required manhours
revealed that more than three months of continuous testing would be
needed to finish these tests. This quantity was deemed untenable, given the
length of time permitted to complete this thesis investigation. Based upon
this manpower estimate, the Series I performance evaluation was used to
establish a basis for simultaneously reducing the physical test parameter
envelope to include a single temperature and a single relative humidity
level, thereby reducing the manhours required to achieve a level of

approximately three weeks of continuous testing.
The combination of CuPc thin-films and the NO2 challenge gas was

used in the Series I performance evaluations. This combination
represented a viable ensemble based upon the previous work by other

investigators [7; 14; 22; 26]. The first two parameters investigated
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included the effects of the thin-film thickness and the operating

temperature relative to the sensor's sensitivity and reversibility with the
CuPc and NO2 ensemble.

Thin-Film Thickness. One important aspect of the thin-film
thickness concerned the amount of overlap anticipated between the
interdigital layer of CuPc thin-film and the edges of the IGE fingers.
Prior to the gas exposure experiments, a microscopic examination of
several IGEs with thin-film coatings was conducted. The results revealed
that the deposited CuPc thin-films had very distinct gaps at the interface
between the IGE finger's vertical side walls and the interdigital, dielectric
supported regions. There was no visually discernible physical contact
between these two regions. The following paragraphs include further
observations concerning the physical architecture of the IGE and thin-film
CuPc structure.

IGE Structure and Thin-Film Coating Deposition Process. Etching
the IGE structure during the MOSIS fabrication process had a dramatic
impact on the thin-film's structure. Instead of a single, uniform,
continuous, chemically-active layer deposited on the IGE elements when
the thin-film MPc materials were deposited, many discontinuities were

formed along the junction between each IGE finger and the dielectric
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support material. These gaps are depicted in Figures IV-5 and IV-6. In
addition, the over-etched interdigital dielectric support material made it
very difficult to predict the relationship between the top of the thin-film
material and the top, and vertical edges of the IGE fingers. One of the
goals of the thin-film deposition process was to produce three distinct
thicknesses of thin-film material on different sets of IGE array elements,
with one thickness just barely contacting the lower vertical side wall of the
IGE, a second thickness that was near the mid-point of the IGE finger's
side wall, and a third thickness level reaching the top surface of the IGE
fingers. These thicknesses were selected to (hopefully) span a region with
electrical impedance characteristics which would include a 'good' region of
selectivity and reversibility for each of the challenge gas types. The basic
idea was to vary the amount of physical contact between the thin-film and
the IGE fingers.

Monitoring the thin-film thicknesses produced in the vacuum
deposition system was accomplished with an in situ quartz crystal
microbalance (QCM) and a stylus profilometer. As described by Capt
Jenkins, the stylus profilometer scratches the fragile MPc films, and thus, it
reveals only an approximation of the actual thickness with a significant bias

error [7]. The QCM and the stylus profilometer thickness measurements
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were generally within 20% of each other. The stylus profilometer
measurements were used to report the thicknesses.

Several of the initial experiments dealt with determining the triad of
thickness values to be used in the Series II experiments. The transfer
functions for a typical experiment are shown in Figures V-4 and V-5. The
thicker film requires more time to return to its equilibrium level after a
challenge gas exposure. Even though this experiment was conducted at
90°C, similar observations were made at higher temperatures; that is, the
thicker films tend to require more time to revert to their pre-challenge
values, and they were more likely to not reverse as completely as the
thinner films. Figure V-6 clearly supports this implication. In Figure V-
6, two thin-films differing in thickness by an order of magnitude (1,600 A
versus 30,000 A) show marked differences in response speed to the same
challenge gas exposure concentrations, as well as the rate of reversal
toward achieving a post-challenge purge equilibrium resistance. Another
example of the reversal delay can be observed in Figure V-7 for a film that
is 8,800 A thickness at a constant 120°C temperature.

Another phenomenon observed while investigating the thin-film
thickness effects was the downward drifting of the 'baseline' resistance

values; this lasted for many hours. This behavior is shown in Figure V-8
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Figure V-4. Gain Versus Frequency Response for a 3,900 Angstroms
Thick CuPc Thin-Film. Purge 4 Occurred Just Prior to 100 ppb
Nitrogen Dioxide Challenge. Purges 5, 6, and 7 Followed the
Challenge. The Time Between Purges is Approximately 10 Minutes.
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Figure V-5. Gain Versus Frequency Response for an 8,800 Angstrom
Thick CuPc Thin-Film. Purge 4 Occurred Just Prior to the 100 ppb
Nitrogen Dioxide Challenge. Purges 5, 6, and 7 Followed the
Challenge. The Time Between Purges is Approximately 10 Minutes.
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where the resistance versus time values for two 30,000 A thick CuPc films
are shown. The continuous downward drift in resistance during the entire
experiment can be observed, and it is most noticeable during the first few
hours. Much less drift was observed with the thinner films. Figure V-9
shows an example of this behavior for a 1,200 A thick CuPc film. Based
upon repeated observations similar to those mentioned in the previous
paragraphs, a decision was made to use a nominal film thickness triad of
2,000 A, 5,000 A, and 10,000 A for the remaining experiments.

During the early stages of the Series I performance evaluations, the
issue concerning an appropriate purge and carrier gas for the experimental
investigation was considered. Both N2 and dehumidified room air were
available. An experiment was conducted to determine the difference in the
thin-film's dc resistance when exposed to an N2 purge gas versus a
dehumidified room air purge. The results are shown in Figure V-10. The
change from N2 to dehumidified, room air manifested itself as a decrease
in the measured resistance by a factor of approximately 3 for the 8,800 A

thick CuPc thin-film when measured at 120°C. The effect on the 1,600 A

thick film was not as pronounced. Dehumidified room air was
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Figure V-6. Comparison of the dc Resistance Measurements for Two
Different Thin-Film Thicknesses. Test Conditions: CuPc Thin-films
(Thicknesses as Indicated); Temperature of 90 Degrees Centigrade; 100
ppb Nitrogen Dioxide Challenge Gas; Nitrogen Carrier/Purge Gas; Test
Protocol Implemented was a Four Hour Purge Followed by a Single, One
Hour Long Challenge, Followed by Purge Until the End of the
Experiment.
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Figure V-7. CuPc Thin-Film (8,800 A Thick) Transfer Function
Response to a 100 ppb Nitrogen Dioxide Challenge at 120°C.
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Figure V-8. Baseline Drift Observed with Two IGEs Coated with
30 000 A Thick CuPc Films. Test Conditions: CuPc Thin- films;
Temperature of 90 Degrees Centigrade; 100 ppb Nitrogen Dioxide
Challenge Gas Concentration; Room Air Carrier/Purge Gas; Test
Sequence as Indicated on the Plot.
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Figure V-9. Baseline Drift Observed with an IGE Coated with a 1,200 A
Thick CuPc Film. Test Conditions: CuPc Thin-Film; Temperature of 90
Degrees Cendgrade; 100 ppb Nitrogen Dioxide Challenge Gas
Concentration; Nitrogen Carrier/Purge Gas; Test Sequence as Indicated
on the Plot.
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selected as the purge and carrier gas for the Series II experiments because
this would test the IGEFET-microsensor under conditions more akin to
those in a practical application.

Determining the operating temperature for the Series Il experiments
was very difficult for several reasons. During the first set of experiments,
the electrical sockets inside the test chamber were not rated above 150°C;
hence, the restriction to the maximum temperature of 120°C. Later in the
course of the experiments, new sockets rated at 200°C were acquired and
installed into the test chambers. | This change permitted investigations to be
conducted at 150°C, while retaining a fair margin of safety to compensate
for any localized 'hot spots' in the heater strips.

The results of two experiments conducted with temperature as the
variable are shown in Figure V-11. The upper trace was measured at
90°C, while the lower plot was measured at 120°C. Two observations are
noteworthy. First, the temperature affected the initial purge resistance by
decreasing the resistance nearly an order of magnitude with the
corresponding temperature increase. Second, the recovery time for the

lower temperature is longer. The purge resistance's temperature
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dependence was confirmed in a subsequent experiment where a device was
purged and challenged (with DMMP) at three temperatures, starting at
150°C, then at 90°C, and finally at 30°C. Figure V-12 displays the purge
and challenge resistance values. Since it was desirable to reduce the overall
time required for each purge-challenge-purge cycle, the temperature was
increased to 150°C with a trade-off being made to reduce the purge
equilibration and the reversal times at the expense of possibly lowering the
rate of challenge gas interaction with the MPc films. The 150°C
temperature was subsequently used throughout the Series II tests.

The next experimental parameter established was the procedure for
challenging the IGEFETs with each test gas used in each Series II test. The
first scheme utilized three sequential challenges at each concentration of

interest, with monotonically increasing concentrations. The results of a
CuPc and NO2 experiment are shown in Figure V-13. Figure V-13(a)

shows that drift occurred in the purge resistance baseline as the experiment
progressed. In order to reduce the amount of baseline drift, a
preconditioning phase was integrated into the procedure. The results of
this procedural change are demonstrated in the Figure V-13(b). The drift
is only reduced, not eliminated. The preconditioning phase was adopted

for the subsequent tests.
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Figure V-11. Differences in Recovery Time At Two Different
Temperatures for the Same CuPc Film. Test Conditions: CuPc Thin-film
(8,800 A Thick); Upper Trace Temperature of 90 Degrees Centigrade,
Lower Trace At 120 Degrees Centigrade; 100 ppb Nitrogen Dioxide
Challenge Gas Concentration; Nitrogen Carrier/Purge Gas; Test
Sequence as Indicated cn the Plot.
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Changes in Purge Condition Resistance Values for Three
Different Thin-film Types Measured at Three Different Temperatures.
Diamond Markers are for a 3,200 A Thick CuPc Thin-film. Cross
Markers are for a 5,200 A Thick CoPc Thin-Film. Rectangle Markers

are for a 6,800 A Thick NiPc Thin-Film. Test Conditions: Three

Temperatures (150, 90, and 30 Degrees Centigrade);

Challenge Gas Concentration; Room Air Carrier/Purge Gas; Test

Sequence was 45 Minute Purge Followed by a 45 Minute Challenge at

each Temperature.
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Lengthy Experiment. (continued on next page).
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Figure V-13. Comparison of the Changes in the Baseline Drift
Throughout a Lengthy Experiment. (a) 10,000 A Thick CuPc Film with
No Preconditioning Phase. This Test Series was Conducted Using Three
Exposures each at 30 ppb, 50 ppb, 100 ppb, 500 ppb and 1000 ppb.

(b) Behavior of a 8,800 A Thick CuPc Film with a Preconditioning
Phase. This Test Series was for Three Exposures each at 1000 ppb, 30
ppb, 50 ppb, 100 ppb, 500 ppb and 1000 ppb. Test Conditions:
Temperatures (150 °C); Nitrogen Dioxide Challenge Gas; Room Air for
Carrier/Purge.
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At this point, the test parameters for the Series II tests had been
established. Specifically they included: temperature of 150°C; nominal
thin-film thicknesses of 2,000 ;\, 5,000 A, and 10,000 A; dehumidified
room air carrier and purge gas; preconditioning the thin-films with a 1.25
hour duration exposure to a high concentration of the challenge gas;
subsequent challenge exposures repeated in triplicate with each exposure
lasting 15 minutes and each intermediate purge lasting approximately 1
hour.

The specific concentrations of the challenge gas used depended upon
the physical limitations of the gas generation system, and the available rates
of gas release from the permeation tubes in the laboratory stock. The test
parameter envelope developed from the Series I tests, and the other
experimental limitations discussed are summarized in Table V-2.

Results of the Series II Gas Challenge Experiments.

This portion of the results discussion is organized by the specific
challenge gas used for the exposures. The test conditions used in the
Series II tests are summarized in Table V-2. Detailed experimental results
for the CuPc, CoPc, and NiPc films are summarized in Appendix C,

Appendix D, and Appendix E, respectively.
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Table V-2.

Test Parameter Ranges for the Series II Tests.

Test Parameter Range of Values

Challenge Gas Type | BF3, DFP, DIMP, DMMP, NH3,
and NO2

Gas Concentrations | DMMP: 10 ppm

DIMP : 20 ppm

DFP : 1000 ppb

NO2 : 30,50, 100, 500, and 1000 ppb
NH3 : 16, 106, 250, and 500 ppm

BF3 : 24,48 and 105 ppm

Thin-Film Material | Copper Phthalocyanine (CuPc)
Cobalt Phthalocyanine (CoPc)
Nickel Phthalocyanine (NiPc)

Thin-Film Thickness | 2,000 A, 5,000 10\, and 10,000 A (nominal)

Exposure ard Purge | 150°C
Temperature

Relative Humidity | 2-5% nominal

Diisopropylfluorophospnonate (DFP) Challenges. The DFP
permeation tuoe contained a liquid in its upper chamber, and so, its ability
to provide a reliable flow of gas was questioned. A replacement tube

could not be requisitioned in time to be included in this investigation.
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Dimethyl Methylphosphonate (DMMP) Chlallenges. The first test
with DMMP was interesting because the response with the CuPc thin-films
was so strong. However, the reliability of this fjrst set of responses was
suspect for two reasons: first, an attempt to repeat the experiment yielded
only a negligible response; second, a close inspeetion of the DMMP gas
permeation tube revealed a clear liquid in its upper chamber. There was
no simple way to determine if the integrity of the permeation tube standard
was still intact. Perhaps the tube had been dispepsing more than the
expected rate of DMMP during the first experiment. Perhaps the tubes
wall had been breached and it was not dispensing DMMP during the second
confirmation test. The most viable option was acquiring a new permeation
tube and repeating the experiment a third time. This action was
subsequently accomplished. The resulting dc resistance values showed that
no significant changes occurred during exposures to DMMP at
concentrations of 10 ppm at 150°C. This behavior was true for CoPc with
a 5,200 A thickness, CuPc with a 3,200 A thickness, and NiPc with a
6,800 A thickness. The conclusion was that, under Series II conditions,
the three film types were pot responsive to the DMMP challenges at 10
ppm. Plots of the dc resistance values versus time during purge and

exposures for each film type are documented in their respective
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appendices.

Diisopropyl Methylphosphonate (DIMP) Challenges. The maximum
DIMP conqentration that could be produced by the challenge gas generation
apparatus was 3 ppm. A single, one hour duration challenge was
accomplishéd with the 3 ppm challenge, at 150°C. The resulting changes in
dc resistance are noted in Table V-3. At this temperature, the changes are
not very strong.

Boron Trifluoride Challenges. Generally, all three film types
responded very weakly to the repeated BF3 challenges. Flots of the dc

resistance versus the purge and challenge cycles for CuPc, CoPc, and NiPc

are summarized in Appendices C, D, and E, respectively.
" CuPc Thin-Film Response to BF3, The dc resistance

measurements of the CuPc Thin-films increased slightly upon initial

exposure to BF3, with the activity more prominent in the thicker films.
During the 1.25 hour duration preconditioning phase with 24 ppm of BF3,

the dc resistance of a CuPc (16,000 A thick) thin-film increased from 2.2

x 107 t0 2.8 x 107 ohms. During the same period, the signal transfer gain
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Table V-3.

DC Resistance Changes During the 3 ppm DIMP Exposure.

Thin-film Type Resistance Values (ohms) Change (%) "
CuPc (3,200 A) 5x 108 to 4.6x 108 -8
CoPc (5,200 A) 0.8 x109 to 0.7 x 109 -14
NiPc (6,800 A) _ 48x108 to 4.5x 108 -6

at 10 Hz increased by almost 4 dB. However, subsequent 15-minute long
exposures produced gain changes on the order of +0.5 dB. The phase
angle response during the same exposure changed by nearly +9 degrees at
10 Hz. This response change also diminished after the initial exposure. At
these low levels of response, the degree of reversibility is difficult to

interpret reliably.

CoPc Thin-Film Response to BF3. The dc resistance
measurements decreased slightly upon exposure to the BF3 challenges with
the activity fairly uniform among the similar film samples. During the
1.25 hour long preconditioning phase with the 24 ppm BF?3 challenges, the

dc resistance of the CoPc (5,400 A thick) thin-film's resistance decreased

from 7 x 109 to 1.3 x 109 ohms. During the same period, the signal
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transfer gain at 10 Hz increased by nearly +18 dB. The phase angle
response during the same exposure changed by more than -9 degrees at 10
Hz, and -30 degrees at approximately 100 Hz. However, subsequent 15
minutes duration exposures produced gain changes on the order of less than
+0.5 dB and phase angle changes less than 1 degrees. This level of
response also decreased after the initial conditioning exposure. At these
low levels of response, changes in the degree of reversibility were difficult

to interpret.

NiPc Thin-Film Response to BF3.  The dc resistance

increased slightly upon exposure to BF3, with the activity slightly more
pronounced with the thicker films. During the 1.25 hour long

preconditioning phase with 24 ppm of BF3, the dc resistance of an NiPc

(12,500 A thick) thin-film increased from 6.0 x 108 to 6.5 x 108 ohms.
During this same period, the gain at 10 Hz decreased by 0.5 dB. The phase
angle response did not change over the 10 Hz to 1 MHz range. Subsequent
15 minutes duration exposures produced even less gain and phase angle
changes. At these low response levels, the degree of reversibility was
difficult to interpret reliably.

Ammonia Challenges. Generally, the CuPc and CoPc film types
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responded to the NH3 challenges more strongly compared to the NiPc thin-

film. With all three film types, the observed changes included increases in
the sensor's dc resistance and modulation of the transfer function reflected
in the gain and phase angle versus frequency plots. Detailed experimental
results for the CuPc, CoPc, and NiPc films are summarized in Appendix C,

Appendix D, and Appendix E, respectively.

CuPc Thin-Film Response to NH3. The dc resistance

increased slightly upon exposure to the NH3, with the activity being more
prominent in the thicker films. During the 1.25 hour duration

preconditioning phase with 500 ppm of NH3, the dc resistance of a CuPc

(2,100 A thick) thin-film increased from 2.5 x 108 to 8 x 108 ohms. In

the first fifteen minute challenge cycle, the same IGE's dc resistance

increased from 4 x 108 to 5.2 x 108 ohms, a 28 % resistance increase.
During the same time period, the signal transfer gain at 10 Hz changed by
approximately -4 dB. The phase angle response during the same exposure
changed by nearly +9 degrees at 10 Hz. However, subsequent 15 minutes
duration exposures produced smaller gain changes, on the order of -2 dB.
The dc resistance reversal at the end of the hour long purge cycles was

within 5 % of the original resistance value for the 500 ppm exposures.
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The frequency domain responses, in the form of gain and phase
angle versus frequency for CuPc are presented in Figures V-14 through

V-17. They clearly show the increase in impedance due to exposures to

NH3 at concentrations of ammonia between 100 ppm and 500 ppm.
CoPc Thin-Film Response to NH3. The dc resistance

measurements increased slightly upon exposure to the NH3 challenges,
with the activity fairly uniform among the different thicknesses of films.
During the 1.25 hour long preconditioning phase with the 500 ppm NH3

challenges, the dc resistance of a CoPc (5,400 A thick) thin-film increased

from 1.3 x 108 to 2.4 x 108 ohms. During the same period, the signal
transfer gain at 10 Hz changed by almost -3 dB. The phase angle response
during the same exposure changed by more than -10 degrees at 10 Hz.
However, subsequent 15 minutes duration exposures produced gain changes
on the order of less than -0.5 dB, and phase angle changes less than 2
degrees. This response change also diminished after the initial exposure.
For a CoPc (5,400 A thick) thin-film, plots of the change in gain
versus frequency revealed that the greatest changes occurred near 200 Hz;
on the order of a -5 dB change relative to the preconditioning purge value.

The magnitude of the change is not repeated for subsequent S00 ppm
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exposures, decreasing to about -2.5 dB at 100 Hz. The peak change in the
phase angle for the conditioning exposure is +18 degrees at 500 Hz. Again,
upon subsequent 15 minutes duration exposures at 500 ppm, the magnitude
of the change in phase is not as pronounced, peaking at approximately +3

degrees at 400 Hz.

NiPc Thin-Film Response to NH3. The dc resistance

measurements increased slightly upon exposure to the NH3, with the
activity slightly more pronounced with the thicker films. During the 1.25
hour duration preconditioning phase with the 500 ppm NH3 challenge, the

dc resistance of an NiPc (12,500 A thick) thin-film increased from 4.2 x

108 to 5.6 x 108 ohms. During the same period, the signal transfer gain at
10 Hz changed by -1.8 dB. The phase angle response changed by -13
degrees at 10 Hz. However, subsequent 15 minutes duration exposures at
500 ppm produced gain changes on the order of less than -0.2 dB, and
phase angle changes less than -1 degrees.

For an NiPc (12,500 A thick) thin-film, plots of the change in gain
versus frequency reveal the greatest change occurring near 40 Hz; nearly
-2.4 dB below the preconditioning purge values. The magnitude of the

change is not repeated for subsequent 500 ppm exposures, changing to
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approximately -0.1 dB at 40 Hz. The peak change in the phase angle for
the conditioning exposure is +9 degrees at 120 Hz. A subsequent 15
minutes duration exposure at 500 ppm, the magnitude of the changé in
phase was not as pronounced, peaking at approximately +1 degrees at 100

Hz.
Nitrogen Dioxide Challenges. The NO2 challenges produced the

most dramatic changes in the measured parameters relative to the other

challenge gases at their respective concentrations. Generally, the CuPc and
NiPc film types responded to the NO2 challenges more strongly than the

CoPc film. With all three film types, the observed changes included
decreases in the sensor's dc resistance, and modulation of the transfer
function was reflected in the gain and phase angle versus frequency plots.
Table V-4 and V-5 summarize the resultant percentage changes in
resistance for the three thin-film types when they were exposed to the NO2
challenge gas. From these tables, the observation may be made that the
CuPc changes the most when exposed to the NO2 challenge under the Series
II test conditions, followed by the NiPc thin-film. The CoPc thin-film is
the least active. Detailed experimental results for the CuPc, CoPc, and

NiPc films are summarized in Appendix C, Appendix D, and Appendix E,
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respectively. s

CuPc Thin-Film Response to NO2. The dc resistance

measurements decreased during exposure to the NO2 challenge, with the
activity more prominent in the mid-range and thickest films. Detailed
figures showing the dc resistance changes versus time while the sensors
were exposed to NO2 are presented in Appendix C. Figure V-18 shows the
percent change in the dc resistance of three different thickness of CuPc thin-
film for four concentrations of the NO2 challenge. The sensor parameter
changes were averaged, they are posted on Table V-4 and V-5. From these
visual aids, the most active thin-film types and thicknesses can be identified.
For the CuPc material, the most active thickness was the 3,900 A (the
medium thickness). A review of the data in Appendix C revealed several
other items of interest.

During the 1.25 hour long preconditioning phase with a 1,000 ppb

NOz2 challenge, the dc resistance of the CuPc (1,600 A thick) thin-film

decreased from 2.2 x 109 to 9.5 x 108 ohms (a -57% change relative to the

preconditioning purge value). In comparison, a 3,900 A thick CuPc film

decreased from 4 x 109 to 8 x 107 ohms (a -98% change relative to the

preconditioning purge value) while a 8,800 A thick film's dc resistance
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Table V-4

Average Percent Change in the DC Resistance Measurements of CuPc,
CoPc, and NiPc Thin-Films at Three Different Thicknesses when
Challenged with Nitrogen Dioxide.

Percent Change in Resistance Due to a
Nitrogen Dioxide Challenge at:
50 ppb 100 ppb 500 ppb 1000 ppb

CuPc

Thickness(A) 30 ppb

19.6
69.7
54.6

52.9
86.7
74.3

67.8
90.9
83.8

13.1
47.1
39.3

8.2
50.0
38.2

1,600
3,900
8,800

Percent Change in Resistance Due to a

CoPc .
Thickness(A)

Nitrogen Dioxide Challenge at:

30ppb 50 ppb 100 ppb 500 ppb 1000 ppb

2,500
5,400
10,500

NiPc
Thickness(A)

29.8
24.1
27.4

37.9
320
34.2

55.7
50.6
50.1

18.4
15.1
7.0

24.2
14.4
19.1

Percent Change in Resistance Due to a
Nitrogen Dioxide Challenge at:
50 ppb 100 ppb 500 ppb

30 ppb 1000 ppb

2,600
6,200
12,500

58.1
65.4
62.5

68.1
73.9
70.8

85.2
849
81.6

48.3
50.1
23.5

52.4
56.2
52.0

Boldface Numbers Highlight the Greatest Changes.

Maximum Percent Changes in the DC Resistance Measurements of the CuPc.
CoPc, and NiPc Thin-Films when Challenged with Nitrogen Dioxide.

Table V-5

Thin-FilmType

and Thickuess(.&)

Percent Change in Resistance Due to
Nitrogen Dioxide Challenge at:

30ppb SO ppb 100 ppb SO0 ppb 1000 ppb

CuPc 3,900
CoPc 2,500
NiPc 6,200

47.1 50.0 69.7 86.7 90.9
18.4 242 29.8 37.9 55.7
50.1 56.2 65.4 739 849

Boldface Numbers Highlight the Greatest Changes.
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decreased from 6 x 108 to 1.4 x 107 ohms (a -98% change relative to the
preconditioning purge). During the same period, the gain for the 1,600 A
thick film, at 10 Hz, increased approximately +30 dB. The phase angle
response for the same exposure changed by nearly -60 degrees at 10 Hz.
Subsequent 15 minutes duration exposures at 1,000 ppb continued to yield
gain and phase angle changes at 10 Hz on the order of +30 dB and -54
degrees, respectively, for the 1,600 A thick film.

A very dramatic contrast in the reversibility of the thinner (1,600 A
thick) versus the thicker (3,900 A and 8,300 A thick) films was observed.
The resistance versus time plots in Appendix C readily show that the
1,600 A thick film attains its purge equilibrium value in approximately 15
minutes after the cessation of a 1,000 ppb challenge. In contrast, the
reversal of the thicker films was incomplete, even after a full hour of
purge.

The frequency domain responses, in the form of gain and phase
angle versus frequency for CuPc are presented in Figures V-19 to V-23.

They clearly show the decrease in impedance due to the exposures with

NO2 at concentrations of 50 ppb and 1000 ppb.
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Fi gure V-20. Gain versus Frequency Response of IGEFET Microsensor for a Series of
Koom Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 4: CuPc Thin-film (3,900 Angstroms Thick); Temperature of 150 deprees
Ceatigrade: Nitrogen Dioxide Challeage Gas (Order of Exposures: 1000 ppb. 30 ppb. 50

ppb, 100 ppb, 500 ppb, 1000 ppb).
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Fi gure V-21 Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 4; CuPc Thin-film (3,900 Angstroms Thick); Temperature of 150 degrees
Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures:1000 ppb, 30 ppb. 50
ppb, 100 ppb, 500 ppb. 1000 ppb).
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_F igure V-22. Phase Angle versus Frequency Response of IGEFET Microseasor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 4; CuPc Thin-film (3,900 Angstroms Thick):; Temperature of 150
degrees Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30
ppb. 50 ppb. 100 ppb, 500 ppb, 1000 ppb).
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Figure V-23- Phase Angle versus Frequency Response of IGEFET Microsensor for a
‘Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 4;: CuPc Thin-film (3.900 Angstroms Thick): Temperature of 150
degrees Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30

ppb. 50 ppb, 100 ppb, 500 ppb. 1000 ppb).
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CoPc Thin-Film Response to NO2. The dc resistance

measurements decreased during exposure to the NO2, with the activity

being essentially uniform among the three film thicknesses. Detailed

figures showing the dc resistance change versus time while the sensors
were exposed to NO2 are presented in Appendix C. Figure V-15 reveals
that the percent change in the dc resistance of three different thicknesses of
CoPc for the four concentrations of the NO2 challenge. The sensors' dc

resistance changes were averaged and are posted in Table V-4 and V-5.
From these visual aids, the most active thin-film types and thicknesses can
be identified. For the CoPc material, the most active thickness was the
2,500 A thick film (the least thick). Review of the data in Appendix D
revealed several other items of interest.

During the 1.25 hour duration preconditioning phase with the 1,000

ppb NO2 challenge, the dc resistance the 2,500 A thick CoPc thin-film

decreased from 2.8 x 108 to 8 x 107 ohms (a -72% change relative to the

preconditioning purge value). By comparison, the 5,400 A thick CoPc

film's dc resistance decreased from 1.8 x 107 to 6.0 x 106 ohms (a-67%

change relative to the preconditioning purge value) while the 10,500 A

V-51




thick CoPc film changed from 1.6 x 107 to 5.2 x 106 ohms (a -68% change
relative to the preconditioning purge). During the same period, the signal
transfer gain for the 2,500 A thick CoPc thin-film at 10 Hz increased by
+2.5 dB. The phase angle response during the same exposure changed by
nearly +15 degrees at 10 Hz. Subsequent 15 minutes duration exposures at
1,000 ppb continued to yield gain and phase angle changes at 10 Hz on the
order of +2.0 dB and +11 degrees, respectively, for the 2,500 A thick
CoPc thin-film.

The peak change in the gain for the 2,500 A thick CoPc thin-film
occurred at 700 Hz with a value of +10 dB as measured relative to the
preconditioning purge. The peak phase angle change of -4 degrees
occurred at 2000 Hz. For subsequent exposures at 1,000 ppb, the
magnitudes of the changes decreased, but the frequency where the peak
change occurred remained the same. For the 1,000 ppb exposures of the
5,400 A thick films, the gain and phase angle frequencies associated with
the peak changes were 7,000 Hz and 1,000 Hz, respectively. The peak
change frequencies for the 10,500 A thick films, under the same test
conditions were 10,700 Hz and 2,200 Hz, respectively.

The dramatic contrast in the reversibility of the CoPc thin films

versus the thicker CoPc films was not observed. The resistance versus time
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Figure V-24. Percentage Change in CoPc DC Resistance Due to the
Nitrogen Dioxide Challenge Gas Exposures. for Three Different Film
Thicknesses. Test Conditions: CoPc Thin-Film Material (2,500 A
5,400 A, and 10,500 A Thick); Temperature of 150°C; Nitrogen
Dioxide Challenge Gas (30 ppb, 50 ppb, 100 ppb, 500 ppb, and 1000
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plots in Appendix D readily show that the reversals of the three films are
incomplete, even after one full hour of purge.

The frequency domain responses, in the form of gain and phase
angle versus frequency for CoPc thin-film are presented in Figures V-25 to

V-30. They clearly show the decrease in impedance due to the exposures

with NO2 at concentrations of 50 ppb and 1000 ppb.
NiPc¢ Thin-Film Response to NO2. The dc resistance

measurements decreased during exposure to the NO2, with the activity
more pronounced in the thicker films. Detailed figures showing the dc
resistance change versus time while the sensors were exposed to NO2 are
presented in Appendix C. Figure V-31 shows the percent change in the dc
resistance of three different thicknesses of NiPc thin-films relative to the
four concentrations of the NO2 challenge. The sensors' dc resistance
changes were averaged, and they are presented on Tables V-4 and V-5.
From these visual aids, the most active thin-film types and thicknesses can
be identified. For the NiPc material, the most active thickness was the
6,200 A thin-film (the medium thickness). A review of the material in
Appendix E revealed several other items of interest.

During the 1.25 hour duration preconditioning phase with 1,000 ppb
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Figure V-25.. Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 1: CoPc Thin-film (2,500 Angstroms Thick); Temperature of 150 degrees
Centigrade: Nltrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30 ppb, 50
ppb. 100 ppb. S00 ppb. 1000 ppb).
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Figure V-26, . Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 1; CoPc Thin-film (2,500 Angstroms Thick); Temperature of 150 degrees
Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures:1000 ppb. 30 ppb, 100
ppb. 500 ppb, 1000 ppb).
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Figure V-27. . Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 1;: CoPc Thin-film (2.500 Angstroms Thick); Temperature of 150 degrees
Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures:1000 ppb, 30 ppb, 100
ppb. 500 ppb, 1000 ppb).
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Figure V-28. . Phase Angle versus Frequency Response of IGEFET Microsensor for a

Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 1: CoPc Thin-film (2.500 Angstroms Thick); Temperature of 150
degrees Centigrade: Nltrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb. 30
ppb. 5O ppb. 100 ppb. S00 ppb, 1000 ppb).
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Figure V-29. . Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 1: CoP¢ Thin-film (2,500 Angstroms Thick): Temperature of 150
degrees Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30
ppb. 100 ppb, 500 ppb, 1000 ppb).

V-59




Ehase Angle (deg) versus Frequency (Hz)]

® v TP

® —Q 3>
1]
[P
[

T T i T 4 BB
10 100 1000 10000 100000 1000000

Frequency (log scale)
o Pre-exposure g Challenge #1 (1000 ppb Nitrogen Dioxide) o Purge #1

Figure V-30. | Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 1; CoPc¢ Thin-film (2.500 Angstroms Thick); Temperature of 150
degrees Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb. 30
ppb, 100 ppb, 500 ppb, 1000 ppb).
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of NO2, the dc resistance of the 2,600 A thick film decreased from 3 x 109

to 3 x 108 ohms (a -90% change relative to the preconditioning purge

value). By comparison, a 6,200 A thick NiPc film decreased from 1.8 x
109 to 4.0 x 107 ohms (a -98% change relative to the preconditioning
purge value) while a 12,500 A thick film decreased from 1.2 x 109 t0 2.9 x

107 ohms (a -98% change relative to the preconditioning purge). During
the same period the gain for the 2,600 A thick film at 10 Hz changed by
+33 dB. The phase angle response during the same exposure changed by
more than -50 degrees at 10 Hz. Subsequent 15 minutes duration
exposures at 1,000 ppb continued to yield gain and phase angle changes at
10 Hz on the order of +22 dB and +45 degrees, respectively, for the 2,600
A thick film. The peak change in the gain relative to the preconditioning
purge for the 2,600 A thick film occurred slightly less than 10 Hz . That
is, the peak phase angle change of -75 degrees occurred at 90 Hz. For
subsequent exposures at 1,000 ppb, the magnitudes of these changes
decreased, and the peak frequencies also shifted. That is, the peak gain
change occurred at 30 Hz, and the peak phase angle change occurred at 150
Hz. For the 1,000 ppb exposures of the 6,200 A thick NiPc films, the gain

and phase angle peak frequencies were 100 Hz and 800 Hz, respectively.
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Figure V-31. Percentage Change in NiPc DC Resistance Due to the
Nitrogen Dioxide Challenge Gas Exposures for Three Different Film
Thicknesses. Test Conditions: NiPc Thin-Film Material (2,600 A, 6,200
A, and 12,500 A Thick); Temperature of 150°C; Nitrogen Dioxide
Challenge Gas (30 ppb, 50 ppb, 100 ppb, 500 ppb, and 1000 ppb). The
Plotted Lines are Primarily a Visual Aid, Connecting Points Calculated
from a Polynomial Curve Fit at the Five Challenge Concentrations for
Each of the Film Thicknesses.
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The peak frequencies for the 12,500 A thick film under the same test
conditions were 800 Hz and 2,000 Hz, respectively.

The frequency domain responses, in the form of gain and phase
angle versus frequency for the NiPc thin-film are presented in Figures

V-32 to V-36. They clearly show the decreases in impedance due to
exposures to NO2 at concentrations of 50 ppb and 1000 ppb.

The contrast in the degree of reversibility of the thin films versus the
thicker films that was noted with the CuPc material was manifested in the
NiPc films, but not with the same level of contrast. The resistance versus
time plots in Appendix E readily show that the thinnest film is more nearly
equilibrated at the end of the one hour duration purges compared to either
of the thicker films. The thicker films never achieve a purge equilibrium
response, even after one hour of purge.

Results of the Series Ill Gas Challenge Experiments.

After completing the Series II tests, the effect of changing the thin-
film temperature on the modulation of the thin-films by DMMP and DIMP
was accomplished. The maximum concentrations of the respective gases
that the permeation tubes could generate were utilized. The results for the
CuPc, CoPc, and NiPc thin-films are in Appendices C, D, and E,

respectively. The test series began with a lengthy rooin air purge at 150°C.
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Figure V-32. Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 4; NiPc Thio-film (6,200 Angstroms Thick); Temperature of 150 degrees
Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures:1000 ppb, 30 ppb, 50
ppb. 100 ppb, S00 ppb. 1000 ppb).
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Figurc V-33, Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsegsor
Number 4: NiPc Thin-film (6,200 Angstroms Thick); Temperature of 150 degrees .
Ceatigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures:1000 ppb, 30 ppb. 50
ppb. 100 ppb. 500 ppb, 1000 ppb).
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Figure V-34. Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 4; NiPc Thin-film (6,200 Angstroms Thick); Temperature of 150
degrees Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30
ppb. 50 ppb, 100 ppb, 500 ppb, 1000 ppb).
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Figurc V-35.. Phase Angle versus Frequency Response of IGEFET Microseasor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 4; NiPc Thin-film (6.200 Angstroms Thick); Temperature of 150
degrees Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures:1000 ppb, 30
ppb. 50 ppb. 100 ppb. 500 ppb, 1000 ppb).
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Figure V-36. Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 9; NiPc Thin-film (12,500 Angstroms Thick); Temperature of 150 degrees
Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures:1000 ppb, 30 ppb, 50
ppb, 100 ppb, 500 ppb, 1000 ppb).
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The device responses were recorded for one hour with the room air purge;
then the DMMP (or DIMP) was introduced for one hour. The next step
was another one hour purge while simultaneously establishing the
temperature at 90°C. After the purge was completed a one hour long
challenge was performed with DMMP (or DIMP) at 90°C. This overall
process was repeated again after establishing an operating temperature of
30°C.

The DMMP activity at 120°C and 30°C mimicked that observed in
the Series II tests. The DIMP activity was more noteworthy at the 120°C

temperature with the 3 ppm challenge concentration. The dc resistance of

the 3,200 A thick CuPc film decreased from 9.0 x 109 to 5.0 x 109 ohms

(a -44% change relative to the purge resistance). The dc resistance of the

5,200 A thick CoPc film decreased from 6.4 x 1010 t0 2.9 x 1010 ohms (a -

55% change relative to the purge resistance). The dc resistance of the

6,800 A thick NiPc film decreased from 8.0 x 109 to 3.9 x 109 ohms (a -
51% change relative to the purge resistance).
Sensitivity and Reversibility

Table V-6 presents the sensitivity and reversibility indices generated

by applying the respective algorithms to the gain and phase angle data
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collected during the Series Il experiments. Figures V-36 to V-38 show the

sensitivity and reversibility versus frequency for a CoPc thin-film (5,400 A

thickness) exposed to NO2. Similar graphs can be found for the other

MPc materials in Appendices C and D. The NO2 interactions with all

three film types is presented in Table V-6 (the extraction of these indices
from the other challenge gas data sets has not been accomplished). The
information for each thin-film type and thickness is arranged in the order
that the exposures were accomplished. Based on the information in Table
V-6, and the sensitivity and reversibility plots in Appendices C, D, and E,
the 30 ppb challenge data shows a residual effect that may have been caused
by the 1000 ppb preconditioning and challenge cycles. This influence
appears to cause the gain and phase angle baselines to drift, resulting in
several reversibility indices for the 30 ppb challenge which are seemingly
inconsistent with the remaining concentrations.
Selectivity

Calculations of the selectivity indices require measuring the
microsensor's responses to simultaneous exposure to at least two different
challenge gases. Time limitations prevented these experiments from being

conducted; thus, no selectivity indices were calculated for any MPc.

V-70




V-71

-ainsod xa Sutuonrpuod-aid sajediput ,ud, "Pa5N 10U JUSWANSEIY SABVIIPUT BU,
85T . 09- 160 6S1 00s
6Tl ev- %0 €1l 001
90 - €0 TT 0s
$9°0 S (A X)) 1 ot
8S°T 6S- %o 90T 0001
£8'1 9L- 910 ot a1d 0001 008'8 *2d"D
L] tu cu L] 00S
160 9L- 9lo [ 24 00!
110 Li- 900 14 oS
160 08- 800 e Q001
) ss- £00 9's€E aud 0001 006'€ *2dD
€70 t6 vi0 9'st 00s
€00 S8- 100 sLe 001
00 98- 100 s8I 0s
100 1 Y4 100 (4] ot
P00 06- 100 (13 0001
b0 0 06° 100 Log ad oot 009'T 1O
D (22:33p) (zZHY (ap) (qdd) (wons3uy)
Kouonbary | a8ueiy) aseqq | Aouanbarg] 98ueq) uren | uonesiuaduo) sen | ssAINY] pue
wnutYep wmun e BuwrEep oA} wiLy-wyp

..Aow.i 1XON 3y} U0 panutiuo))) ‘saguajjeyd) apixoiq uadoniN
01 pasodxy] Uy SWL-uty], OJIA JO KIHIQISIanay pur ANAIISUIS
9-A Slqel



-ansodxa Suuontpuod-aid saedipun aud,

“Pasn 10U WSUIINSEIUS $IIBIPUL U,

oS’y 0 ey so0> 8ST L €LoT (4% 00$
60'¢8 [4 eu s0> eu eu eLot 90 001
SOv1 1 ou SO0> Ty Tu Tu 10> (4,9
6Tl z SE0l 80 £8°1 % SoOvl 60- ot
6C'1 14 seol LA €81 14 1324 LS 000t
6Tl v seol Sl €81 61 1314 6L a1d 0001 00501 340D
€Lt I- ol [4Y €E°6T 8- SE01 LT 00§
€L'0T (4 LS vo €L0T v- L £l 001
€L0C i AN 80 €LoT y- (A2 90 oS
€L'oT [4 wL Lo €e'6T T SE01 90 0t
€LoT € L 10 €€°6T 9I- seol1 S 0001
€L°0C ot- rA T4 £E6T 8T- L $91 a1d 0001 00v's 940D
eu Bu Tu cu
tu eu eu eu €81 St 90 184 00s
eu ey eu Tu £8°1 44 90 90 001
tu eu eu eu 10 I 00 S0 0s
eu Eu eu eu €81 (Al 160 Lo ot
o ey eu ey 8§°T 1Z- $90 LS 0001
eu e Tu eu 85T (3% 90 ol a1d 0001 005°'T *3d0D
@ (2a:132p) 21y up) iy (92539p) @HY (up) (qdd) (wons3uy)
Kouonboz,g | [esianay aseiyg | Adouanbayy BS12AY UIRD Kouanbas] | o8uweyn asenq |Aousnbasg | 9Suetp)y wien | uonenuaduo) sen ! ssawIy] pue
wmuiy LUTTHITEY mmuixepy wnunxep aduojed adA] wirg-uyy

“(98e 1XaN 3y} uo panuruo))) ‘saduajjey) api1xoi(] UsZoNIN
0) pasodxz uayp switf-uty [, OdIA Jo Aniqisioaay pue AjAnisuag
9-A dIqeL,

V-72




‘asnsodxs 3uuoniipuod-ad sayedipun aid,

“Pasn JOU JUILIAINSEIU $IEIIPUT BU,

90 (3 €0 vl 6T'1 8- 90 14 00s

ov'0 I- €81 £0 160 1e- [A41) 88 001

9’0 11} £8'l ot 90 . oI- €0 9T os

e o> eu o> 160 Si- (4] |84 ot

ov'0 [A] $9¢ e €81 ss- o9'0 991 0001

S9€ Ls- 160 | 6Tl - 910 8T d o1 00S'C1 *3dIN
160 (4 800 Lo 00 o€ €0 (4 0o0s

90 I 800 |4V 100 9l 1o 66 001

[AX1] 9 00 €T 100 1 4 800 T oS

o0 Y 900 81 100 11 800 6v 0t

90 I ey o> 100 (4 800 1'el 0001

910 ev- 700 £9T o €S- £00 |4 a1d 0001 00Z'9 *9dIN
t00 £ 100 80 o 89- wo 'R 00§

w0 T 100 po 900 8- 100 $'91 001

100 A 100 Le €00 - 100 €L 0s

£t00 (4 100 Lt yO0 bE- 100 113 0oE

€00 [4 100 So 910 SS- 200 1 YA 0001

100 89- 100 1 800 08- 100 Tee aud 000t 009°'T 3N
@ (za133p) @ (@n) @ (2a8p) @D (@p) (@dd) (wons8uy)

Kouonbarg | [eszonay aseyg | Aouanbaug [os19A2Y WD Kduanbarg | aBuey) asetyy |Adusnbasy ) sdue) uten | uonenuasuo) sen | ssawpIy| pue
Wiy iy wowixe wnunyep adus(req) odA ] wyig-nql

"(98v{ SNOIAJI] wolj panuniuo))) $AJuIf[ey)) IpIxoi( udGoIN
0} pasodxg uaypp Swlf-uy ], OJIA JO AN[IQISISAIY pue ANANISUIS

9-A 2lqeL

V-73




Time-Domain Responses
The time-domain response of several IGEFET microsensors that
were exposed to the challenge gases are shown in Figures V-37 through

V-39. The waveform used to drive the IGEFET microsensors' was a 2
Vpk-to-pk 50 Hz square wave with a 50 % duty cycle. Figure V-37 clearly
shows the change in waveforms for a NiPc thin-film (2,600 A thickness)
when exposed to NO2 at a concentration of 1000 ppb; the overall output

signal level increases due to the enhanced electron conductivity of the gas
sensitive thin-film. Figure V-38 depicts the response for a thicker NiPc
film (6,200 A thickness). The thicker material demonstrates a more
significant response to the same challenge gas concentration. This behavior
agrees with the observed dc resistance measurements discussed previously.
Figure V-39 depicts the effect of the ammonia challenge gas upon a CoPc
film (2,500 A thickness). With the ammonia challenge, the impedance
increases and the resulting output waveform's amplitude is decreased
relative to the purge envelope. This behavior also reflects the changes
observed in the dc resistance measurements.
Discussion

The thrust of this investigation was to identify the physical conditions

wilich would result in the greatest sensitivity, reversibility, and selectivity
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Figure V-37. Time-Domain Response of CoPc Thin-Film (2,600 A Thick) to
Ammonia Challenge Gas. Solid Line is Pre-Challenge; Diamonds Denote the Gas
Challenge; Crosses are the Purge Values. (a) Plots for 1.25 Hour Duration Challenge,
(b) Plots for Subsequent 15 Minute Challenge. Test Conditions Included: CoPc
Thin-Film (2,500 Angstroms Thick); Temperature at 150 Degrees Centigrade;
Challenge Gas was Ammonia at 500 ppm; Input Signal was 50 Hz Squarewave, 2
volts peak-to-peak; Dehumidified Room Air for Purge and Carrier Gas.
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Figure V-38. Time-Domain Response of the NiPc (2,600 A Thick) Thin-Film to
Nitrogen Dioxide Challenge Gas Exposures. Solid Line is Pre-Challenge; Diamonds
Denote the Gas Challenge; Crosses are Purge Values. (a) 1.25 Hour Duration
Challenge, (b) Subsequent 15 Minute Challenge. Test Conditions Included: NiPc
Thin-Film (2,600 Angstroms Thick); Temperature at 150 Degrees Centigrade;
Challenge Gas was Nitrogen Dioxide at 1000 ppb; Input Signal was a 50 Hz
Squarewave, 2 volt peak-to-peak; Dehumidified Room Air for Purge and Carrier Gas.
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Figure V-39.Time-Domain Response to Challenge Gas. Solid Linc is
Pre-Challenge; Diamonds arc during Gas Challenge; Crosses are Purge Values. (a)
Plots for 1.25 Hour Duration Challenge, (b) Plots for Subscquent 15 Minute
Challenge. Test Conditions Included: NiPc Thin-Film (6,200 Angstroms Thick);
Temperature at 150 Degrees Centigrade; Challenge Gas was Nitrogen Dioxide at 1000
ppb; Input Signal was 50 Hz Squarewave, 2 volts peak-to-peak; Dehumidificd Room
Air tor Purge and Carrier Gas.
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when using CoPc, CuPc, and NiPc chemically-active thin-film materials
with IGEFET microsensor. The conditions included, but were not limited
to, temperature, thin-film type, thin-film thickness, challenge gas type,
challenge gas concentration, and relative humidity. The sensitivity,
reversibility, and selectivity indices are primary figures of merit (FOMs)
established to assess the IGEFET microsensor's performance.

During the course of this investigation, sensitivity and reversibility
indices were calculated for many pairwise combinations of metal-doped
phthalocyanines (MPc) and challenge gases. Time limitations did not
permit any testing of microsensors when exposed to two, or more,
challenge gas types. This meant that the selectivity indices were not
calculated for any MPc.

Not all of the desired variations of the experimental parameters and

conditions were able to be explored due to time restraints. Instead, the
combination of CuPc thin-films exposed to NO? challenge gas was used as a

testbed (during the Series I tests) to narrow the field of temperatures to a
single value, identify viable film thicknesses, and formulate a repeatable
experimental protocol for use in the Series II tests. The results of pursuing
this course of action were mixed, partly because of the limited span of

several critical parameters; especially since only a single temperature was
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more fully investigated. The 150°C temperature was adequate for the

CuPc/NO2 combination, but may have been to be too high for the

organophosphorus compounds and the BF3 challenge gas.

Given the 150°C test chamber temperature and the preconditioning
protocol employed for the Series II tests, the measurements were used to
calculate the figures of merit (FOMs) for the various thin-films. Detailed
plots of these FOMs versus frequency for the CuPc, CoPc, and NiPc thin-

films are in Appendices C, D, and E, respectively.
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VI. Conclusions and Recommendations

Conclusions.

Chemically-active, metal-doped phthalocyanine (MPc) thin-films
were deposited onto a microsensor that was capable of detecting parts-per-
million levels of gaseous nitrogen dioxide, ammonia, boron trifluoride, and
diisopropyl methylphosphonate (DIMP). The microsensor design was
based upon the interdigitated gate electrode, field-effect transistor
(IGEFET) technology. Thin-films of chemically-active material were
deposited onto the interdigitated gate structures. Changes in the chemical
nature of the p-type semiconducting MPc thin-films due to interactions
with the challenge gases were inferred through measurements of the films'
time- and frequency-domain responses.

The in situ MOSFET portion of each sensor element functioned as
the inverting input into a dedicated differential amplifier. Each sensor's
amplifier served to isolate the very high impedance, small capacitance IGE
structure from the loading effects of the measurement instrumentation.
Further stabilization was achieved by using the in situ amplifier in a
voltage follower configuration. In this configuration, the FET-differential

amplifier's gain transfer function was flat, extending from dc to a -3 dB
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point near 5 MHz. The overall IGEFET-microsensor's transfer function
was greatly attenuated when the thin-film coated IGE was included in the
overall transfer function analysis. Exposing the thin-films to the challenge
gases modulated the overall IGEFET-microsensor transfer function.

A nine-element array of IGEFET structures was fabricated using the
monolithic silicon integrated circuit technology and packaged in a 64-pin
DIP package. These devices were visually inspected for gross defects and
electrically sampled short circuits and MOSFET amplifier functionality.
Thin-films of copper phthalocyanine (CuPc), cobalt phthalocyanine (CoPc),
and nickel phthalocyanine (NiPc) were deposited at various thicknesses
unto the interdigitated portion of each sensor element via vacuum
sublimation.

The IGEFET-sensors with the MPc thin-films of several thicknesses
were subjected to a variety of test conditions including temperature,
challenge gas type and concentration, and the gas used for purges and the
challenge gas diluent. Two experimental procedural formats were
investigated; one with a 'preconditioning' phase (which meant a long
exposure to a high concentration of a particular challenge gas at the outset
of the experiment), and one without any preconditioning. The

preconditioning methodology was employed for the majority of the tests
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because it resulted in less severe baseline drift throughout the duration of

the experiments.
Once the test parameter envelope was explored using CuPc and NO2

as a testbed, a set of test conditions were selected to implement the
additional investigations of the MPc thin-film interactions with the various
challenge gases. This test set included: nominal thin-film thicknesses of
2,000 1°\, 5,000 A, and 10,000 f\; temperature of 150°C; preconditioning
exposure for 1.25 hours; gas challenges that were 15 minutes duration

followed by dry, room air purges for one hour. Using these test
conditions, the thinnest CuPc films exposed to nitrogen dioxide or ammonia

produced the best overall blend of sensitivity and reversibility; the CoPc
films were intermediate with respect to sensitivity and reversibility, while
the NiPc films were the least sensitive.

In conclusion, the IGEFET microsensor technology has repeatedly
demonstrated its viability as a detector for nitrogen dioxide and ammonia.
This behavior was clearly demonstrated. The elevated temperature proved
to be a wise choice for sensing nitrogen dioxide and ammonia when
sensitivity and reversibility are the critical performance issues At the
elevated (150°C) temperature, the sensor was not able to clearly detect

DMMP or DIMP at the concentrations generated during our tests;
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although, at 90°C the sensor was able to detect the DIMP. At the elevated
(150°C) temperature, the sensor was able to detect boron trifluoride at the
concentrations generated during our tests, but demonstrated poor overall
reversibility. Using the MOSFET portion of the IGEFET as the input to a
voltage follower differential amplifier was a wise choice, providing a
stable configuration while allowing the research to remain focused upon
the activities occurring in the IGE structures coated with the gas-sensitive

thin-films.

Recommendations.

This research effort has clearly demonstrated the high level of
sensitivity and reversibility with which the IGEFET microsensor can detect
nitrogen dioxide and ammonia in an environment of dry, room air at
150°C. Future work should focus on uncovering a set of good test
parameters for the detecting DMMP and DIMP. The long range goal
should be the development of a multi-element, IGEFET microsensor array
with several chemically-active thin-films with the intention of detecting and
identifying a number of different gas types and concentrations. Specific
recommendations for future studies include:

1. The voltage follower configuration works well -- continue to use
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it. Reconfiguration of the amplifier portion of the IGEFET microsensor to
include the signal paths necessary for an 'on chip' voltage follower
configuration should be accomplished. This will reduce the number of
wirebonds and the amount of cabling required 'off chip'.

2. The response data from the IGEFET microsensor arrays should
be subjected to pattern recognition techniques to see how effective this
discipline is for discerning challenge gas types and concentrations. This
should be an effort focused as a pattern recognition investigation with
intended goals of formulating a method for parceling the available
measurement data into a recognition pattern.

3. Evaluate the sensitivity and reversibility of other semiconducting
thin-films of metal-substituted phthalocyanines including lead and iron
phthalocyanine when challenged by nitrogen dioxide, ammonia, DIMP, and
DMMP.

4. Limit the amount of redundant data collected. Too many data
sources networked onto a single channel GPIB bus can produce a bottled-
neck, resulting in greater time sampling periods between measurements and
coarse data set resolution.

5. Conduct data analysis concurrently with the experimentation.

Don't wait until the 'end' before trying to extract and analyze the majority
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of the data.

6. Establish an easily reproduced standard of comparison for
indexing response qualities for the investigations done at AFIT. For
example, use a 2,000 A thick CuPc film exposed to 100 ppb of nitrogen
dioxide at 90°C to establish reference indices of sensitivity and reversibility
for the dc resistance. This will make comparisons among other exposure

parameters more meaningful.
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Appendix A: Metal-Doped Phthalocyanine Thin-Film Deposition onto

Interdigitated Gate Electrode (IGE) Structures

The deposition of metal-doped phthalocyanine material onto the IGE
structures was accomplished at the AFIT Cooperative Electronics and
Materials Processing Laboratory at Wright-Patterson AFB. This appendix

describes the techniques used to accomplish that task.

IGEFET Validation

Each 64-pin dual-in-line package (DIP) contained a single integrated
circuit (IC) die which had a nine element array of interdigitated gate
electrode field-effect transistor (IGEFET) microsensors built onto it.
Prior to the deposition of any metal-doped phthalocyanine (MPc)
compounds onto the IGE structures, they were visually and electronically
checked for apparent open and short circuits. The metal-oxide
-semiconductor field-effect transistor amplifiers were checked for gain and

frequency bandwidth while in a voltage follower configuration.

Deposition Mask Preparation

A mask was prepared from thin copper sheets (approximately
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2 cm x 5 cm) for use in controlling the deposition of the MPc material

onto each of the IGE structures of each DIP-mounted IC. The mask was

fabricated by punching nine square holes (each 1370 pm x 1370 pm) into
the copper sheet in a pattern matching the 3 x 3 matrix of IGEs on each
die. Several strips (approximately 3 mm x 20 mm) of copper sheet metal
were also fabricated. These strips were used as necessary to occlude
groups of three of the square holes in the mask.

When in use, this mask suspended slightly above the IC die, resting
on the DIP package, and was visually aligned over the nine IGEs. The
mask was then secured into place using adhesive tape. Sections of the
mask were occluded as necessary by securing one, or more, of the copper

metal strips atop of the mask.

Thin-Film Deposition

The first step in preparing the DIPs for the MPc deposition was to
wrap their pins in conducting aluminum foil to reduce the risk of static
electricity damaging the IC. Once this was accomplished, a mask was
secured above the IGE array as described in the previous section. The
aluminum foil was extended to cover any remaining exposed DIP surfaces

to prevent undesirable MPc deposits. Once the DIPs were masked and
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wrapped, they were ready to be processed in the vacuum deposition system
(Denton Vacuum Corp., Model DV-602, Cherry Hill, NJ). They were
positioned inside the vacuum chamber above the boat which contained the
particular MPc chosen for deposition. In addition to the DIP(s), a blank
silicon wafer was positioned near the DIP(s) to aid in assessing the

thickness of the deposited MPc.

After the vacuum chamber had been sealed and a vacuum of 10-5
atmosphere had been achieved, the MPc was heated by passing
approximately 145 amperes through the metal boat it was resting in. This
caused the sublimation of the MPc; in particular, the sublimed molecules
impacted upon the unmasked portions of the DIP. The vacuum chamber
also contained a quartz microbalance (QMB) used to monitor the rate of
sublimation of the MPc. This deposition process was used for all three
MPc types deposited during this investigation: Copper Phthalocyanine
(Fluka Chemical Corp., Stock 61215, Ronkonkoma, NY), Cobalt
Phthalocyanine (Fluka Chemical Corp., Stock 60855, Ronkonkoma, NY),
and Nickel Phthalocyanine (Fluka Chemical Corp., Stock 72263,
Ronkonkoma, NY). The masks were occluded when necessary to limit the

depositions on certain IGEs by using the copper metal strips.
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Determining Thin-Film Thickness

The thickness of the MPc films deposited onto the IGEs was inferred
through two measurements; the thickness calculated from the QMB rate
measurements, and the thickness of the layers deposited onto the blank
silicon wafers positioned near the DIPs during the deposition process. The
QMB reading was read directly while the deposition process was ongoing.
After each deposition was complete, the thickness of the MPc deposit on
the silicon blank was measured by first coating the MPc film with a 300 A
thick, gold metal coat (Structure Probe Inc., SPI Sputterer, Model 13131,
West Chester, PA) . As described by Capt Thomas Jenkins [7], this step
helps reduce mechanical errors caused by using the profilometer ( Sloan
Technology Corp., Dek-Tak Model 900051, Santa Barbara, CA) for the

second estimate of the film thickness.

Summary

The vacuum sublimation process used in this research for thin-film
deposition was performed at the AFIT Cooperative Electronics and
Materials Processing Laboratory. This method provided an adequate
avenue for fabricating MPc thin-films onto the IGE structures of the

IGEFET microsensors used in this research.
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Appendix B: Data Acquisition Software

This appendix contains copies of the software written for gathering

data records, storing the data onto magnetic media, and extracting data

from the record files for display and analysis. The data was gathered from

the instrumentation via a computer controlled general purpose

instrumentation bus (GPIB). The software in this appendix includes:

[em—

WAMI1.BAS, a GPIB controller program written in BASIC,
GPIB, a GPIB controller program written in PASCAL,
OSTRX.PAS, a program for extracting oscilloscope sweep data
from the GPIB generated data records,

IGRGPTRX.PAS, a program for extracting gain/phase angle
analyzer sweep data from the GPIB generated data records,
IGRRSTRX.PAS, a program for extracting electrometer
generated dc resistance data from the GPIB generated data
records, and
SSENSITIVITY_REVERSIBILITY_MATH_ENGINE,

a program written for generating sensitivity and reversibility
analysis graphs from the IGRGPTRX.PAS generated gain/phase

angle data files.
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TR T T

single;

CHiDate: arrey {1..500) of integer;

CN2Dats: array [1..500) of integer;

Gastonc: integer;
ond;

Gain: srray {1..200] of integer;
Phase: srray (1..200) of integer;
Gastonc: integer;

ADW: arrey [1..200) of single;

Phase: srrey [1..200) of integer;

GasConc: integer;

ond;
leplaseltec = array ([1..2001 of single;

Elapsedt ime: single;

Reaist:

0Chias: integer;
GasConc: integer;
and;

CElapsedTine : single;
JIGEMUMN: byte;

ElspsedTime : single;
1GEMM : byte;

CH2Preasble: stringl20;

CHiPreamble: stringl20;

IGENUM : byte;
ElapsedTime : single;
1GEMM : byte;
integer;

integer;

string;

Explnfo:ExpinfoRec;

ond;
Inputstrastring;

ond;

OSFiloRec = record

= record

single;

IGECTROC, prevIGECTROC : integer;

GPSaselec s arrey ([1..2001 of single;
PreviGECounterzarray (1..4) of IGE;

tepFileRec = record

3
3
3
3
3

DCReskec

WCairPhane K706, UnveT sk AyAddr , WSpactrum, WPScope, X617 integer;

Elapsed_Time_IGE:arrey (VTimerindex,1..9]1 of single;

D‘I‘S:Tﬂtm;

Ndr:fite of ExplnfoRec;

GPasel inaDats: GPRaseltec;
SASasel inaData: SABesaftec;

ICECounterzarcey [1..4) of 1GE;

Superfiein, Main, DiskCtr : integer;

DCBiss : string;

SettieTime: single;

stapper : integer;
0CBisevel:

Poll, Stet:
Controller:
Qusry: Cher;
Commenci:

strien: integer;
CommDesc:adesc;
GasCone,

ElapeedTine : single;
OCTimer : single;

!
:
I

i
t
H
S
8
s
i
18

|

TimerIrdden=(_P,OCR,PLS, SPE,ADN, TIN);

£, Wavetek Switcher, and the Keithley

sinteger;
£xpl.oghium: integer;
2 integer;

K OR2OKIRACKS QR AOK TOXROKIGKAOTK 111 ¥

Data: srrey (0..400) of integer;

IGEMm ; byte;
tlapsedtine: single;

’
[

" s 9056 1XN036 1XBO3TIXCOSTIXBOSTACOSTZXN"

Raidity: intoger;
+ FiimType:string;

arel;

Chiplemp: integer;

FilePretin:string;
Santatring;
BathTemp: integer;
FlowRate: integer;

GasCone
ond;
record

air_io

Suitches

- carvmction to Oriven Gates
setup
1th_for_Ti
Jup «
type IxpinfoRec s record- - ——
= record

for_de » '037100371X80372003TMO341CO361X° ;

tehing Matrix information -<--s-

GCECUMELOP - ccocmococensosesescietoreineontenas

e
REE-L IR

This pregras is for ruming the WP Gein/Phese Anslyzer-----<-----
along with the ¥-Spectral Analyzer, WP-Q¢Scope, Keithley ~-<----

-«- tow #1 for Gain/Phase Analyzer

~as-Row #3 for Spactral
--=-Row 84 for 0'Scope----+-=-

- Columwm & thry 14 - IGEFET

Scorver Suiteh Matri
~~---Columne 21

String120estring(120);
SAF | leftec
SABssoR

1 . t,.9;

apersave_for

clesekeith

------------------------

progran gpiv,
o)
(e, §o)
(W 260000, 0, 635360)
Oce, Crt
1 TURSOS
-=e EL
EER 1
{apon_

" W N P W W N NP P

SABasefile: file of SABaseftec;
SAFile : file of SAFileRec;
0sFite: file of OSFileRec;

SAfreq: errey [0..4001 of singte;
Oata: array (0..400] of integer;

Nessage: string;
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iitlyl g b1 g il Eig e
seese i chiBlafeas 3 aMiciniee seer E AT
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Segmang | Svvevevesw)

Main 1 Set-up seesestcasess)

T

for tainz= t to 36 do bugin

Clrser;

(Inftislize Timer te 2er0)

1 to 10 de begin

i¢ OCTimer<Timer then OCResis!
case of
i9;

Sere

o o v o
nnnnnn

write{'tnter the Gas Concentration in ppb: *);

weitetn(*>»>>>> Main | at ', Main);

SendtBI(I706, Clasekeith _For.
tenteslor(lightred);
tentcoler{gresn);
for stapper:e

SenetBiCUnvetek, Clonstiove_For_DC);

fte: tite of WPFiletec;

it

Plasetite

1opf il

[ -
resdin(iastanc);
9CT imar 3ot ionr+Settief inn;
Sendl8B(PSainfhese, 'GET1?);
SendbIB(PCairPhene, *ADFY

esloe inc(diskerr);

ctrser;

(W Sat-up for Main

,8.8.8);
SeuDisk;

scedure

(81 STRCONY.PAS)
li—ﬂ

1 TINERS.

| RRINTH.

(S1 FuanAEDL .

1 SRS .

$ OCRIBS.

1 GPRSS

$1 OSRUBS.
lm

¢ LI

3 3

l‘l

I
ml"-a
Setipinto(Enpinte)
tretrontig;
Set?ian(0,8,0.9),
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a s e e e
et et e e . . & s e ames

- - = -

9 then IGECounter(4]:s! else Inc(lGECounter{d]);

Sendi88(K706, ImpKe| thClose[10ECounterdl]);

]
:y 91 of

1 snlGECounter (4] ;

.............

3-5-3-33

..................

ver [zinteger;
$Sendi88(X 708, OpenGPTable {IGECounter (111);
SendiB88(K706, OpersATeble (1GECOunter (21]);
$Sondd88(K 706, OpenOSTable {1GECounter [3)]);
1..91 of
AN001 1%
XN0021X
ANO031X
XN006 1
X005 1%
i1
20022XN0022%
B00SN003 2%
S004 2XN004 2x
706 ,0C0pen{ 1 GE:
1..93
XC0011%
MCO0R1X
%CO031X
XC004 1%
ACO08 1N
12
000224C0022%
80032%C0032x
BO042XCO042X
SendkB8(K706,0CC  ose (1
arr
800 w
002 %!
9003 X
8004 3} |
8005 14
8001,
800220C0022X
80032XC0032%
BOOECO062X
previGECounter [
11 1GECounter 14
Sendi88(uaveTek, InplleveClose [1GECounter (41]);
end; (1spCloser)

begin
begin
begin

a e e v e e e em
.........

€'R1084, K201+, *
a0l 0L

B-17 —

procedure InpOpener;
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Y4); ()

P

until (Query in [*N*,*'nt

until (Ouery in (*N°,'n’]); (M)

weite('YOU are DOME for NOW fella..hit return’);

resdIn(QUERY) ;

chir( N.*);
end. (IGRretrx.pes)

TextColor(14);

transpose_files;

(done building data file for array [)

ond; (for | Loep) (done extrecting from rew date files)

close(OCResFile),

rowrite(0Ft);

{open tile to record mmbers of rets valuss extrscted)

{close rew dats file)

close(OFIA(1]);

1to 9 do

(ond for L toop)

weiteln(OF1 CtrL]:10,L:10); (print ratr valus count,srrey nusber)

ond;

close(0F1);

begin
ond; (DCReBistance)

for L :»

..............

Wi
_____ §§§§§§
§

gg s3§8ss
iy

§§§§
~E,§§§

§§§§
CEFELH
§§§§3&

sgssgg

i

v

Tl AT, two continuous rows of serial values. The first row

contains the resistance values whil the second row contsine the times

at which the resistances were measured.

(1

2934799872.00000 2940400128,00000 2927800064 .00000 2915200000.00000 2899699968.00000 964360000.00000

00000 1860499968,00000 1893740032.00000 1911570048.00000

Rgezgad

0
1
Eilengme: NusRec.dst, an array of the mmber of resistance measurements

358929984 . 00000
1188320000
1684749952
1929209984 .
1558540032,
1832380032.
00000
00000 2
00000
00000 7
00000
00000
00000

begin
ond;
o 11

for ARt :»

begin
edd; (ond of | do Loop)

reset(OF1A(I));
rewrite(OFIACID);
ond; {erd Tranapose_files)

for t :» 1 to 9 de
TextColor(7);

repeat (#2)

QGet_Ssse Dats;
creat

TextCotor(14);
for L loop)

; Ouery:s
] to 9 do

for L
begin
Ct

od;

writel

)

begin
OCResistance;

uuuuuu

begin

H PR
? g izt
= Iy 88
3 il : fec
; s . : 13y ¢
H 3 % o & H -tn
.. v i. .. - : ges 5
Posaf g f e
8 Fsg 8 0z ; 11
o - = g ] : g 8 ¢
£ < I8 3 t i ' 3 3
- - . & t s . a ! ‘ | 3
2 j g N Pooh s BT
3 2 8 & 8 & o - oS
2 R S - T L I M
§ ¢ 85 P& is : : =E3 &
v 3 S. .5 So3s S.iz i I 1 a
§ 5e 3§ 31 3E% 3ERc TR i :
e it §or I h
< 4 LY evE v = } e NS AN~
£ = SapEES ] b4
e ¥ 3¢ i YL V] E s 1
i : f2F 8 s 3 HH
' = £ X5 84
£ 5 F 1
; : i

write{‘Snter drive with SOURCE date

(. -
precedure transpose_files;
§
bogin
repest

B.—-24~ e —

sk_Count,® disks’);

writeln{*you have translated *,0f
write('Shatl we trenaform snother disk to the OARK side T (T/M):*);

Inc(Disk_Count); (index of muber of disks resd)
resdln(ouery);
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Appendix C: Response of CuPc Thin-Film Coatings.

This appendix presents a portion of the significant responses to the
challenge gas for the CuPc thin-films evaluated during this investigation.
The appendix is divided into two sections: Section 1 deals with the
responses to challenge gases at 150°C (referred to as the Series II tests in
the thesis body); Section 2 presents information concerning DMMP and
DIMP challenges to CuPc at temperatures of 150°C, 90°C, and 30°C.

Section 1

Resistance and gain and phase angle transfer function responses for
the challenge and purge cycles are provided as:

-CuPc challenged with NO2 (Figures C-1 to C-52),

--dc resistance measurements versus time,
--gain and phase angle measurements versus frequency,
--sensitivity, and reversibility calculations versus frequency,

-CuPc challenged with NH3 (Figures C-53 to C- 69),

--dc resistance measurements versus time,
--gain and phase angle measurements versus frequency,

-CuPc challenged with BF3 (Figures C-70 to C-88),

--dc resistance measurements versus time,
--gain and phase angle measurements versus frequency,

C-1




10
10
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C-1. .

40
DC Resistance Measured Berween the Driven-Ele&rode and Floating-Electrode of the IGE Amay,
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 479. The
Testing Conditions Included the Following:

1GE Array Number : 1, Thin-film Material : Copper Phthalocyanine,
Thin-film Thickness : 1,600 Angstroms Test Temperature(s) : Purge & Challenge ar 150°C
Purge Gas : Room Air, Challenge Gas : Nitrogen Dioxide,
Challenge Gas Concentration(s) (in order run) : 1000 ppb, 30 ppb, 50 ppb, 100 ppb, 500 ppb, 1000 ppb

19
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R2_ohas

IR
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Time2_in_Hours
i
Figare C-2. .

DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Amay,
&mnScrnsomexesnﬂOnﬂmgeGnExposm The Number of Measurements (at crosses) is 479. The
Testing Conditions Inchuded the Following:

IGE Ammay Number : 2, Thin-film Material : Copper Phthalocyanine,

Thin-film Thickness : 1,600 Angstroms Test Temperature(s) : Purge & Chalienge at 150°C
Gas : Room Air, Challenge Gas : Nitrogen Dioxide,

ClnlhngeGasConmaKs)(mudnnn) 1000 ppb, 30 ppd, SOppb 100 ppd, 500 ppb, 1000 ppbd.

40
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Figure C-3. . DC Resistance Measured Between the Dﬁmﬂéeuodemdﬂoaﬁng-ﬂecm of the IGE Amay,
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 479. The
Testing Conditions Included the Following:
IGE Array Number : 3, Thin-film Material : Copper Phthalocyanine,
Thin-film Thickness : 1,600 Angstroms Ttst'l'empetmne(s) Purge & Challenge at 150°C
Purge Gas : Room Air, Challenge Gas : Nitrogen Dioxide,
Challenge Gas Concentration(s) (in order run) : 1000 ppb, 30 ppb, SOppb 100 ppb, 500 ppb, 1000 ppb.
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0 Time4_in_Hours 40
FigureC-4. . DCRamMeuuedB«wemtheDnvm—ElewodemdFlomng -Electrode of the IGE Armray,
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (st crosses) is 479. The
Testing Condirions Included the Following:

YGE Amay Number : 4, Thin-film Material : Coppet Phthalocyanine,

Thin-film Thickness : 3,900 Angstroms TeuTelwemme(s) &ChallengeulSO"C

Purge Gas : Room Air, Challenge Gas : Nitrogen Dioxide,

ChalhngeGqumnoMs)(mmlernm) 1000 ppb, 30 ppb. 50ppb 100 ppb, 500 ppbd, 1000 ppb.
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Figure C-5, This IGE Microsensor Malfunctioned. DC Resistance Measured Between the

Dnven-Elecuos'k and Floating-Electrode of the IGE Array, During Series of Purges and Challenge Gas Exposures.

The Number of Measurements (at crosses) is 479. The Testing Conditions Included the Following:

IGE Armay Number : §, Thin-film Material : Copper Phthalocyanine.
Thin-film Thickness : 3,900 Angstroms Test Tempmnue(s) Purge & Challenge a1 150°C
Purge Gas : Room Air, Challenge Gas : Nitrogen Dioxide,
Challenge Gas Cmcenu‘mon(s) (in order run) : 1000 ppb, 30 ppb 50 ppb 100 ppb, 500 ppb, 1000 ppb
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DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Armay,

Figure C- 5. . i
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 479. The

Testing Conditions Included the Following:
Thin-film Material : Copper Phthalocyanine,

: 6, in-
Test Temperature(s) : Purge & Challenge at 150°C

IGE Array Number :
Thin-film Thickness : 3,900 Angstroms
Challenge Gas : Nitrogen Dioxide,

Gas : Room Air,
1000 ppb, 30 ppb, SOppb 100 ppb, 500 ppb, 1000 ppb.

Purge ¢ I
Challenge Gas Concentnnon(s) (in order run) :
C-4
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1
Figure C-7. . DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Amay,
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 479. The
Testing Conditions Included the Following:

IGE Amay Number : 7, Thin-film Material : Copper Phthalocyanine,
Thin-film Thickness : 8,800 Angstroms Test Temperature(s) : Purge & Challenge az 150°C .
Gas : Room Air, Challenge Gas : Nitrogen Dioxide

Purge ,
Challenge Gas Concentration(s) (in order run) : 1000 ppb, 30 ppb, 50 ppb, 100 ppb, 500 ppb, 1000 ppb.

10
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_o .5 vy {1717 7 1 .

6
10
40
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Figure C-8. . DCRﬁmandBuwmmDﬁvm-Eha;ndemdﬂmﬁng-ElmofhlGEAmy.
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 479. The
Testing Conditions Included the Following:

IGE Array Number : 8, Thin-film Material : Copper Phthalocyanine,
Thin-film Thickness : 8,800 Angstroms Test Temperature(s) : Purge & Challenge at 150°C
Purge Gas : Room Air, Challenge Gas : Nitrogen Dioxide,
Challenge Gas Concentration(s) (in order run) : 1000 ppb, 30 ppb, 50 ppbd, 100 ppb, 500 ppb, 1000 ppb.
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Figure C- 9. DCRamMe&nedBawemmeDnte&mdemdengbamdeofdthEAmy
Dmn;Senelofhmde!unmpGuExmms The Number of Measurements (at crosses) is 479.

Testing Conditions Included the Fi
IGE Amay Number : 9, Thin-film Material : Copper Phthalocyanine,
Thin-film Thickness : 8,800 Angstroms TeuTamallme(s) mamumpnxso"c
Purge Gas : Room Air, ge Gas

Nitrogen Dio:
Challenge Gas Concentration(s) (in order run) : IOOOppb 30ppb SOppb 100 ppb, Smppb 1(1)0ppb
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Figure C-10 . Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 1: CuPc Thin-film (1,600 Angstroms Thick): Temperature of 150 degrecs
Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures:1000 ppb. 30 ppb. 50
ppb. 100 ppb. 500 ppb. 1000 ppb). -7
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Figure C—-11.. Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 1; CuPc Thin-film (1,600 Angstroms Thick): Temperaturc of 150 degrees
Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures:1000 ppb. 30 ppb, 50
ppb. 100 ppb, 500 ppb, 1000 ppb).
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Figure C—12. Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Expuosures. Testing Conditions: IGE

Microsensor Number 1; CuPc Thin-film (1,600 Angstroms Thick); Temperature of 150
degrees Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb. 30

ppb. SO ppb. 100 ppb. 500 ppb, 1000 ppb).
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Figure C-13 . Phuse Anglc versus Frequency Response of IGEFET Microsensor for a
Series ol Room Air Purzes and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 1; CuPc Thin-film (1,600 Angstroms Thick); Temperature of 150
degrees Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb. 30
prb. 50 ppb. 100 pph. 500 pph, 1000 ppb).
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Figure c_14 - Gan versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 4; CuPc Thin-film (3.900 Angstroms Thick): Temperature of 150 degrees
Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures:1000 ppb. 30 ppb, S0
ppb. 100 ppb. 500 ppb, 1000 ppb).
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Figure C—-15. Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 4: CuPc¢ Thin-film (3,900 Angstroms Thick): Temperature of 150 degrees
Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30 ppb, 50
ppb. 100 ppb. 500 ppb, 1000 pph).
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Figure C-16 . Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 4; CuPc Thin-film (3,900 Angstroms Thick); Temperature of 150 degrees
Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures:1000 ppb, 30 ppb, 50
ppb. 100 ppb, 500 ppb, 1000 ppb).
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Figure C—17 . Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 4; CuPc Thin-film (3,900 Angstroms Thick); Temper:ture of 150
degrees Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30
ppb. 50 ppb. 100 ppb, 500 ppb, 1000 ppb).
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Figure C-18. Phase Angle versus Frequency Response of IGEFET Microsensor for a

Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE

Microsensor Number 4; CuPc Thin-film (3,900 Angstroms Thick); Temperature of 150
degrees Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb. 30

ppb. 50 ppb. 100 ppb, 500 ppb. 1000 ppb).
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Figure C-19.. Gain versus Frequency Response of IGEFET Microsensor for a Serics of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 9; CuPc¢ Thin-film (8.800 Angstroms Thick): Temperaturc of 150 degrees
Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures:1000 ppb. 30 ppb. 50
ppb, 100 ppb, 500 ppb. 1000 ppb).
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FigureC-20 . Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor

Number 9: CuPc Thin-film (8,800 Angstroms Thick): Temperature of 150 degrees

Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30 ppb, 50

ppb, 100 ppb. 500 ppb, 1000 ppb).
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Figure C-21 Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: 1GE Microsensor
Number 9; CuPc Thin-film (8,800 Angstroms Thick); Temperature of 150 degrees
Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30 ppb, 50
ppb. 100 ppb, 500 ppb, 1000 ppb).

C-18




[ Phase Angle (deg) versus Frequency (Hz)]

=]
h
a
s
e
A
n
g9
|
e
T 1 4 1 ¥ T T
10 100 1000 10000 100000 1000000
Frequency (log scale)
o Challenge #1 {1000 ppb Nitrtoger Dioxide) o Purge #1
B | Phase Angle (deg) versus Frequency (Hz)]
P 0
h -1 B
a 22
s .
e -33
44 -
A 55 - Purge #1 and Purge #2
n T Plots Follow Similar Paths
-66
g -t
| -77
e -88 |
-99
] T 1 1] 1 ¥
10 100 1000 10000 100000 1000000
Frequency (log scale)
o Purge #1 o Challenge #2 (1000 ppb Nitrogen Dioxide) o Purge #2
' ] Phase Angle (deg) versus Frequency (Hz) ]
p
h LR ]
a 22
s N
e -33
-44
A -55
n
66
g
I -77 |
€ -8e
-99
L) T 1 1 1
10 100 1000 10000 100000 1000000

Frequency (log scale)
o Pre-exposure o Challenge #1 (30 ppb Nitrogen Dioxide) e Purge #1

FigureC~22, . Phasc Angle versus Frequency Response of IGEFET Microsensor for a

Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE

Microsensor Number 9: CuPc Thin-film (8,800 Angstroms Thick): Temperature of 150
degrees Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb. 30

ppb. 50 ppb, 100 ppb, 500 ppb, 1000 ppb).
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Figure C—23. Phase Angle versus Frequency Responsc of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 9: CuPc Thin-film (8,800 Angstroms Thick); Temperature of 150
degrees Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30
ppb. 50 ppb. 100 ppb, 500 ppb. 1000 ppb).
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Figure 0-24 . Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 9; CuPc Thin-film (8,800 Angstroms Thick); Temperature of 150
degrees Centigrade; Nitrogen Dioxide Challenge Gas (Order of’ Exposures: 1000 ppb, 30
ppb, 5V ppb, 100 ppb, 500 ppb, 1000 ppb).
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Figure C-33 . DC Resistance Measured Between the Do en-Electrode and Floaung-Electrode of the IGE Amay.
Duning Series of Purges and Challenge Gas Exposures. The Number of Measurements (at Crosses) 1y 3yx. The
Tesung Conditions Included the Followng:

IGE Array Number 1. Thia-tilm Material ~ Copper Phthalocyanine. )
Thin-film Thickness - 2.100 Angstroms Test Temperaturets) . Purge & Chatlenge at 150°C
Purge Gas . Room Aur. Challenge Gas ~ Ammonia,

Challenge Gus Concentraton(s) (in order run:  S00 ppm. 16 ppm. 106 ppm. 250 ppm. S00 ppm.

Figure C- 54 . DC Ressstance Measured Between the Driven-Electrode and Floatng-Electrode of the IGE Artay.
Dunng Senies of Purges and Challenge Gas Exposures. The Number of Meisurements (at crosses) 1s 398, The
Tesung Condiuons Included the Following

IGE Amav Number 2, Thin-film Material . Copper Phthalocy anine.
Thun-film Thickness 2,100 Angstroms Test Temperatures) - Purge & Chalienge at 150°C
Purge Gas = Room Aur, Challenge Gas  Ammonia,

Chailenge Gas Concentration(s) (n order run) - SO0 ppm, 16 ppm, 106 ppm. 250 ppm, 500 ppm.
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Figure C- 55 . DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Arra:.
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 398, The
Testing Conditions Included the Following:

IGE Amay Number : 3, Thin-film Material : Copper Phthalocyanine,
Thin-film Thickness : 2,100 Angstroms Test Temperaturets) : Purge & Challenge at 150°C
Purge Gas : Room Aur. Challenge Gas © Ammonia.

Challenge Gas Concentration(s) (in order run) : 500 ppm. 16 ppm. 106 ppm. 250 ppm. 500 ppm.

A4_inms
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Figure C- 56 . DC Resistance Measured Between i A

) i Meas the Driven-Electrode
During Series of Purges and Challenge Gas Exposurcs. The Numt:c Y
Testing Conditions Included the Foltow ng:

¢ and Floaung-Electrode of the IGE Armmay .
T of Measurements fat crosses) is 398, The

IGE Array Number : 3,
Thin-film Thickness - ¥,200 Angstroms
Purge Gas : Room Aur,
Challenge Gas Concentrauon(s) (in order run) -

Thin-film Material - Copper Phthalocvanine,

Test Temperature(s)  Purge & Challenge at 1 S0SC
Challenge Gay ~ Ammonia. ¥

500 ppm. i6 ppm. 106 ppm. 250 ppm. 500 ppm.
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Figure C- 57 . This IGE Microsensor Malfunctioned. DC Resistance Mewsured Between the
Driven-Electrode and Floaung-Electrode ol the IGE Array . During Scries of Purges und Challenge Gas Exposures.
The Number of Measurements (at crosses) is *98, The Testung Conditions Included the Following:

IGE Array Number : §, Thin-film Material : Copper Phthalovsanine.
Thin-film Thickness . %200 Angstroms Test Temperaturets) @ Purge & Challenge at 150°C
Purge Gas : Room Air, Challenge Gas © Ammonia,
Challenge Gas Concentrauonts) (in order run) : 500 ppm. 16 ppm, 106 ppm. 250 ppm, S00 ppm.

Figure C- 58 . DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Array.
During Sertes of Purges and Challenge Gas Exposures. The Number of Meisurcments tat crosses) is 398, The
Testing Conditions Included the Following:
IGE Array Number 6, Thin-film Matenial  Copper Phthalocyanine.
Thin-film Thickness : 8.200 Angstroms Test Temperaturets) . Purge & Challenge at 150°C
Purge Gas : Room Air. Challenge Gas ~ Ammonia N
Challenge Gas Concentration(s) (in order run) . 500 ppm. 16 ppm. 106 ppm. 230 ppm. 500 ppm.
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Figurc C- 59. DC Resistance Measured Between the Driven-Electrode and Floaung-Electrode of the IGE Array.
Durning Series of Purges and Challenge Gas Exposures. The Numoer of Measurements (at crossess is 398, The
Testing Conditions Included the Following:

IGE Array Number 7. Thin-film Material : Copper Phthalocyvanine.

Thin-film Thickness : 16,000 Angstroms Test Temperatures) :© Purge & Challenge at 150°C

Purge Gas : Room Air. Challenge Gas © Ammonia,
Challenge Gas Concentrationts} tin order run) : 500 ppm. 16 ppm. 106 ppm. 250 ppm, 500 ppm.
]
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Figure C- 60 . DC Resistance Mcasured Between the Driven-Electrode and Floating-Elecrrode of the IGE Array.
Duriiiz Series of Purges and Challenge Gus Exposures. The Number of Meusurements (at crosses) s 398, The

Tesung Conditions Included the Following:
Thin-film Material - Copper Phthalocvanine,

Thin-film Thickness : 16.000 Angstroms Test Temperaturets) - Purge & Challenge at 150°C
Purge Gas : Room Air. Challenge Gas : Ammonia,

Challenge Gas Concentration(s) tin order run) : SO0 ppm, 16 ppm. 106 ppm. 250 ppm. SO0 ppm.
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Figure'C- 61 . DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Array.
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 398. The
Testing Conditions [ncluded the Following:

IGE Amray Number : 9, Thin-film Material : Copper Phthalocvanine,
Thin-film Thickness : 16.000 Angstroms Test Temperature(s) : Purge & Challenge at 150°C
Purge Gas : Room Air, Challenge Gas : Ammonia,

Challenge Gas Concentration(s) (in order run) : 500 ppm. 16 ppm, 106 ppm. 250 ppm, 500 ppm.
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versus Frequency Response of IGEFET Microsensor for a Series of
Challenge Gas Exposures. Testing Conditions: IGE Microsensor
f 150 degrees

a Challenge Gas (Order of Exposures:500 ppm. 16 ppm. 106 ppm.
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Figure C-63. Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 1: CuPc Thin-film (1,600 Angstroms Thick); Temperature of 150 degrees
Centigrade: Ammonia Challenge Gas (Order of Exposures:500 ppm, 16 ppm, 106 ppm, 250
ppm. 500 ppm).
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Figure C—64. Phasc Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 1: CuPc Thin-film (1.600 Angstroms Thick); Temperature of 150
degrees Centigrade: Ammonia Challenge Gas (Order of Exposures:500 ppm., 16 ppm, 106
ppm, 250 ppm. 500 ppm).

C-43




|Phase Angle (deg) versus Frequency (Hz)|

P
h
a
s
e
A
n
g
| -72
e -81
-90 T
L] Ll 1 T 1 L
10 100 1000 10000 100000 1000000
Frequency (log scale)
o Pre-exposure o Challenge #1 (106 ppm Ammonia) o Purge #1
. | Phase Angle (deg) versus Frequency (Hz)|
P
h
a
s
e
A
n
9
|
e
L] L] Ll v R L)
10 100 1000 10000 100000 1000000
Frequency (log scale)
o Pre-exposure 0 Challenge #3 (250 ppm Ammonia) e Purge #3
o Thase Angle (deg) versus Frequency (Hz
P -9,
h -18 .
a
s -27
e -36
.45 Pre-exposure and Purge #2
A Plots Are Similar
-54
n
g -63
| -72
e -81
-90

T T T T T T
10 100 1000 10000 100000 1000000

Frequency (log scale)
o Pre-exposure  p Challenge #2 (500 ppm Ammonia) e Purge #2

Figure C—65. Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: 1GE
Microsensor Number 1: CuPc Thin-film (1,600 Angstroms Thick); Temperature of 150
degrees Centigrade: Ammonia Challenge Gas (Order of Exposures:500 ppm, 16 ppm, 106
ppm, 250 ppm, 500 ppm).
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Figure C~66 Phase Angle versus Frequency Response of IGEFET Microsensor for a

Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE

Microsensor Number 5; CuPc Thin-film (3,900 Angstroms Thick); Temperature of 150

degrees Centigrade: Ammonia Challenge Gas (Order of Exposures:500 ppm, 16 ppm, 106 3
ppm. 250 ppm, 500 ppm). |
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Figure C-67 . Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 5; CuPc¢ Thin-film (3.900 Angstroms Thick): Temperature of 150
degrees Centigrade: Ammonia Challenge Gas (Order of Exposures:500 ppm. 16 ppm. 106
ppm, 250 ppm. 500 ppm).
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Figure C-68 . Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number S; CuPc¢ Thin-film (3,900 Angstroms Thick); Temperature of 150 degrees
Centigrade; Ammonia Challenge Gas (Order of Exposures:S00 ppm., 16 ppm, 106 ppm, 250
ppm, 500 ppm).
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Figure (C-g9. Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: 1GE Microsensor
Number 5: CuPc Thin-film (3,900 Angstroms Thick): Temperature of 150 degrees
Centigrade: Ammonia Challenge Gas (Order of Exposures:500 ppm. 16 ppm, 106 ppm. 250

ppm. 500 ppm).
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Figure C- 70 . DC Resistance Meusured Between the Dniven-Electrode and Floating-Electrode of the IGE Ammay .,
During Series ol Purges and Challenge Gas Exposures. The Number ot Measurements (at crossesy 1s 244, The
Tesung Condiions Included the Following:
IGE Arras Number @ 1L Thin-film Matenal © Copper Phthalocyanine.
Thin-film Thickness : 2,100 Angstroms Test Temperature(s) : Purge & Challenge at 150°C
Challenge Gas : Boron Trifluoride,

Purge Gas | Room Air,
Challenge Gay Concentratonis) (in order run) - 105 ppm. 24 ppm., 10S ppm.

Timel - _He.rs

Figure C- 71 . DC Resistance Measured Between the Driven-Elec I

By $ ! ‘en-Electrode and Flo.ting-Electrode of the IGE A
During Senes of Purges and Chalienge Gas Exposures. The Number of Measurements (J:crn)\sc“ )iy 244 T:fy‘
Tesung Condiuons Included the Follow ng: ) TR ‘

IGE Armay Number 2 Thin-film Material
\ray Num . - ! Copper Phthalocyamine.
Thm-l:hr}\)uﬁnknf:g 2.100 Angstroms Test Temperaturetsy Pur‘:g’i‘ & Chall;n'\u: .:ﬁiu‘c
rge Gas  Room Aur, Chatlenge Gas - Boron Trifluoride,

Challenge Gas Concentration(s) (in order run) . 105 ppm. 24 ppm. 105 ppm.
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Figure C- 72 . DC Resistance Measured Between the Driven-Elcctrode and Floating-Elecurode of the IGE Amay.
Cuning Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 244, The

Tesung Conditions Included the Following:

IGE Array Number - 3. Thin-film Materiul : Copper Phthalocyunine.
Thin-fim Thickness : 2,100 Angstroms Test Temperature(s) : Purge & Challenge at 150°C
Purge Gas : Room Air, Challenge Gas : Boron Trifluoride.
Challenge Gas Concentrationts) (in order run) : 105 ppm. 24 ppm. 105 ppm.
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Figure C-73. DC Rosistance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Array.
During Series of Purges and Challenge Gas Exposures. The Number of Mcasurements (at crosses) s 244, The

Testing Conditons Included the Following:
Thin-film Material . Copper Phthalocyanine.,

IGE Ammay Number - 4.
Thin-film Thickness . 8.200 Angstroms Test Temperature(s) : Purge & Challenge at 150°C
Purge Gas * Room Air, Challenge Gas : Boron Trifluoride.

Challenge Gas Concentration(s) (in order run) : 105 ppm, 24 ppm. 105 ppm.
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Figure C- 74 . DC Resistance Measured Between the Driven-Electrode und Floating-Electrode of the IGE Armay,
During Series of Purges und Challenge Gus Exposures. The Number of Meuasurements (at crosses) is 244, The
Testing Conditions Included the Following:
IGE Array Number : 3, Thin-film Material : Copper Phthalocyanine,
Thin-film Thickness : 8.200 Angstroms Test Temperature(s) : Purge & Challenge at 150°C
Chalienge Gas © Boron Trifluoride.

Purge Gas : Room Air,
Chalienge Gas Concentration(s) (in order run) : 105 ppm, 24 ppm. 105 ppm.

Time€_in_Hours 28

Figure C- 75. DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Amray,
Dunng Scries of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 249, The

Tesung Conditions Included the Following:
Thin-film Material .~ Copper Phthaloc vanine.,

IGE Array Number : 6.
Thin-iilm Thickness : 8.200 Angstroms Test Temperature(s) . Purge & Challenge at 150°C
Purge Gas : Room Air, Challenge Gas : Boron Trifluonde.

Challenge Gas Concentration(s) (in order run) : 105 zpm, 24 ppm., 105 ppin.
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Figure C-76
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DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Array.

During Series of Purges and Challenge Gas Exposurcs. The Number of Measurements (at crosses) is 244. The

Tesung Conditions included the Following:

0

IGE Array Number : 7. Thin-film Material : Copper Phthalocyanine.
Thin-film Thickness : 16,000 Angstroms Test Temperature(s) : Purge & Challenge at 150°C
Purge Gas : Room Alr, Challenge Gus : Boron Trifluoride.
Challenge Gas Concentration(s) (in order run) : 105 ppm. 24 ppm. 105 ppm.
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Figure C- 77 . DC Resistance Measured Betwecen the Driven-Electrode and Floating-Electrode of the IGE Array.
During Series of Purges und Challenge Gas Exposures. The Number of Mcasurements (at crosses) is 244. The .

Testing Conditions Included the Following:

e}

IGE Array Number : 8, Thin-film Material : Copper Phthalocyanine,
Thin-film Thickness : 16,000 Angstroms Test Temperaturcts) - Purge & Challenge at {50°C
Purge Gas : Room Air, Challenge Gas + Boron Trifluoride.
Challenge Gas Concentrationts) (in order run) : 105 ppm, 24 ppm. 105 ppm.
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Figurc C- 78 . DC Resistance Measured Between the Dﬁven-Elecxmxle and Floating-Electrode of the IGE Array.
During Series of Purges and Challenge Gas Exposurcs. The Number of Measurements (at crosses) is 244, The
Testing Conditions Included the Following:

IGE Armmay Number : 9, Thin-film Material : Cupper Phthalocyanine.
Thin-film Thickness : 16.060 Angstroms Test Temperaturets) : Purge & Challenge at 150°C
Purge Gas : Room Air. Challenge Gas : Borun Trifluoride.

Challenge Gas Concentration(s) (in order run) : 105 ppm. 24 ppm. 105 ppm.
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Figure C-79. Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 3: CuPc Thin-film (2.100 Angstroms Thick): Temperature of 150 degrees
Ceatigrade: Boron Trifluoride Challenge Gas (Order of Exposures: 105 ppm. 24 ppm. 105

).
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Figure C—-80. Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 3: CuPc Thin-film (2,100 Angstroms Thick); Temperature of 150 degrees
Centigrade: Boron Trifluoride Challenge Gas (Order of Exposures: 105 ppm, 24 ppm, 105

ppm).
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Figure C~81 . Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 3; CuPc Thin-film (2.100 Angstroms Thick): Temperature of 150
degrees Centigrade; Boron Trifluoride Challenge Gas (Order of Exposures: 105 ppm, 24
ppm, 105 ppm).
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Figure C—82 . Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 3: CuPc Thin-film (2,100 Angstroms Thick); Temperature of 150
degrees Centigrade; Boron Trifluoride Challenge Gas (Order of Exposures: 105 ppm, 24

ppm, 105 ppm).
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Figure C—8B3 . Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 5; CuPc Thin-film (8,200 Angstroms Thick); Temperature of 150 degrees
Centigrade; Boron Triftuoride Challenge Gas (Order of Exposures: 105 ppm, 24 ppm, 105
ppm).
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Figure C—84. Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 5; CuPc Thin-film (8,200 Angstroms Thick): Temperature of 150 degrees
Centigrade: Boron Trifluoride Challenge Gas (Order of Exposures: 105 ppm, 24 ppm. 105

ppm).
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Figure C~85. Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 5; CuPc Thin-film (8,200 Angstroms Thick); Temperature of 150
degrees Centigrade: Boron Trifluoride Challenge Gas (Order of Exposures: 105 ppm. 24

ppm. 105 ppm).
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Figure C-86 - Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 5; CuPc Thin-film (8,200 Angstroms Thick): Temperature of 150
degrees Centigrade: Boron Trifluoride Challenge Gas (Order of Exposures: 105 ppm, 24
ppm, 105 ppm).
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Gain (in dB) versus Frequency (in Hz)
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Figure C~87 . Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 8; CuPc Thin-film (16,000 Angstroms Thick); Temperature of 150 degrees
Centigrade; Boron Trifluoride Challenge Gas (Order of Exposures: 105 ppm, 24 ppm. 105

ppm).
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Figure C-88.. Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 8; CuPc Thin-film (16,000 Angstroms Thick): Temperature of 150
degrees Centigrade: Boron Trifluoride Challenge Gas (Order of Exposures: 105 ppm, 24
ppm, 105 ppm).
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Section 2
This section summarizes the dc resistance versus time plots for the

CuPc films exposed separately to DMMP (Figures C-89 to C-91) and DIMP
(Figures C-92 to C-94) at three temperatures: 150°C; 90°C, and 30°C.
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Figure C-89 . DC Resistance Measured Between the Driven-Electrode and
Floating-Electrode of the IGE Array, During Series of Purges and Challenge Gas
Exposures. The Testing Conditions Included the Following:

IGE Array Number : 1,
Thin-film Material : Coppcr Phthalocyanine,
Thin-film Thickness : 3200 Angstroms
Test Temperature(s) : Initial Purge & Challengc at 150°C, Second Purge
& Challenge at 90°C, Third Purge and Challenge at 30°C,
Purge Gas : Room Air,
Challenge Gas : DMMP,
Challenge Gas Concentration(s) (in order run) : 10 ppm.
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Tigure C-90 . DC Resistance Measured Between the Driven-Electrode and
-Floating-Electrode of the IGE Array. During Series of Purges and Challenge Gas
Exposures. The Testing Conditions Included the.Following:

IGE Array Number : 2,
Thin-film Material : Copper Phthalocyanine,
Thin-film Thickness : 3200 Angstroms
Test Temperature(s) : Initial Purge & Challenge at 150°C, Second Purge
& Challenge at 90°C, Third Purge and Challenge at 30°C,
Purge Gas : Room Air,
Challenge Gas : DMMP,
Challenge Gas Concentration(s) (in order run) : 10 ppm.
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Figure C- 91 . DC Resistance Measured Between the Driven-Electrode and
Floating-Electrode of the IGE Array, During Series of Purges and Challenge Gas
Exposures. The Testing Conditions Included the Following:

IGE Array Number : 3,
Thin-film Material : Copper Phthalocyanine,
Thin-film Thickness : 3200 Angstroms
Test Temperature(s) : Initial Purge & Challenge at 150°C, Sccond Purge
& Challenge at 90°C, Third Purge and Challenge at 30°C,
Purge Gas : Room Air,
Challenge Gas : DMMP,
Challenge Gas Concentration(s) (in order run) : 10 ppm.
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Figure C- 92 . DC Resistance Measured Between the Driven-Electrode and
Floating-Electrode of the IGE Array, During Series of Purges and Challenge Gas
Exposures. The Testing Conditions Included the Following:

IGE Array Number : 1,
Thin-film Material : Copper Phthalocyanine,
Thin-film Thickness : 3200 Angstroms
Test Temperaturc(s) : Initial Purge & Challenge at 150°C, Second Purge
& Challenge at 90°C, Third Purge and Challenge at 30°C,
Purge Gas : Room Air,
Challenge Gas : DIMP,
Challcnge Gas Concentration(s) (in order run) : 3, ppm.
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Figure C- 93 ." DC Resistance Measured Between the Driven-Electrode and
Floating-Electrode of the IGE Array, During Series of Purges and Challenge Gas
Exposures. The Testing Conditions Included the Following:

IGE Array Number : 2,
Thin-film Material : Copper Phthalocyanine,
Thin-film Thickness : 3200 Angstroms
Test Temperaturc(s) : Initial Purge & Challenge at 150°C, Second Purge
& Challenge at 90°C, Third Purge and Challenge at 30°C,
Purge Gas : Room Air,
Challenge Gas : DIMP,
Challenge Gas Concentration(s) (in orderrun):  ppm.
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Figure C- 94 . DC Resistance Measured Between the Driven-Electrode and
Floating-Electrode of the IGE Array, During Series of Purges and Challenge Gas
Exposures. The Testing Conditions Included the Following:

IGE Array Number : 3,
Thin-film Material : Copper Phthalocyanine,
Thin-film Thickness : 3200 Angstroms
Test Temperature(s) : Initial Purge & Challenge at 150°C. Second Purge
& Challenge at 90°C, Third Purge and Challenge at 30°C,
Purge Gas : Room Air,

Challenge Gas : DIMP, ,

Challenge Gas Concentration(s) (in order run) : 3 ' ppm.
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Appendix D: Response of CoPc Thin-Film Coatings.

This appendix presents a portion of the significant responses to the
challenge gases for the CoPc thin-films evaluated during this investigation.
The appendix is divided into two sections: Section 1 deals with the
responses to challenge gases at 150°C (referred to as the Series II tests in
the thesis body); Section 2 presents information concerning DMMP and
DIMP challenges to CoPc at temperatures of 150°C, 90°C, and 30°C.

Section |

Resistance and gain and phase angle transfer function responses for
the challenge and purge cycles are provided as:

-CoPc challenged with NO2 (Figures D-1 to D-71),

--dc resistance measurements versus time,
--gain and phase angle measurements versus frequency,
--sensitivity, and reversibility calculations versus frequency,

-CoPc challenged with NH3 (Figures D-72 to D-86),

--dc resistance measurements versus time,
--gain and phase angle measurements versus frequency,

-CoPc challenged with BF3 (Figures D-87 to D-101),

--dc resistance measurements versus time,
--gain and phase angle measurements versus frequency,
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Figure D-1 . DC Resistance Measured Between the Driven-Eleculode and Floating-Electrode of the IGE Amay,
During Series of Purges and Chailenge Gas Exposures. The Number of Measurements (at crosses) is 420. The
Testing Conditions Included the Following: . '

IGE Amay Number : 1, Thin-film Material : Cobalt Phthaloc vanine
Thin-film Thickness : 2.500 Angstroms Test Temperawre(s) : Purge & Chalienge at 150°C
Purge Gas : Room Air. Challenge Gas : Nitrogen Dioxide,

Challenge Gus Concentration(s) (in order run) : 1000 ppb. 30 ppb. 50 ppb, 100 ppb. 500 ppb. 1000 ppb.
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Figure D=2 . DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Amray.
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 420. The
Testing Conditions Included the Following:

IGE Array Number : 2, Thin-film Material : Cobalt Phthalocyanine,
Thin-film Thickness : 2.500 Angstroms Test Temperature(s) :  Purge & Challenge at 150°C
Purge Gas : Room Air, Challenge Gas : Nitrogen Dioxide.
Challenge Gas Concentration(s) (in order run) : 1000 ppb, 30 ppb. 50 ppb, 100 ppb. 500 ppb, 1000 ppb.
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Figure D=3 . This Device Malfunctioned. DC Resistance Measured Between the Driven-Electrode and
Floating-Electrode of the IGE Amay. During Series of Purges and Challenge Gas Exposures. The Number of
Measurements (at crosses) is 420. The Testing Conditions Included the Following:

IGE Armay Number : 3, Thin-film Material : Cobalt Phthalocyanine,
Thin-film Thickness : 2,500 Angstroms Test Temperature(s) : Purge & Challenge at 150°C
Purge Gas : Room Air. Challenge Gas : Nitrogen Dioxide,
Challenge Gas Concentration(s) (in order run) : 1000 ppb. 30 ppb, 50 ppb, 100 ppb, 500 ppb. 1000 ppb.
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Figure D-4 . DC Resistance Measured Between the Dnvakct;ode and Floating-Electrode of the IGE Array,
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 420. The
Testing Conditions Included the Following: .

IGE Array Number : 4, Thin-film Material : Cobalt Phthalocyanine.
Thin-film Thickness : 5.400 Angstroms Test Temperature(s) : Purge & Challenge at 150°C
Purge Gas : Room Air, Challenge Gas : Nitrogen Dioxide,

Challenge Gas Concentration(s) (in order run) : 1000 ppb. 30 ppb, 50 ppb, 100 ppb, S00 ppb. 1000 ppb.
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Figure p_s . This Device Malfunctioned. DC Resistance Measured Between the Driven-Electrode and
Floaung-E?ccmxle of the IGE Array, During Series of Purges and Challenge Gas Exposures. The Number of
Measurements (at crosses) is 420. The Testing Conditions Included the Following:
IGE Amay Number : S, Thin-film Material : Cobalt Phthalocyanine, .
Thin-film Thickness : 5,400 Angstroms Test Temperature(s) : Purge & Challenge at 150°C
Purge Gas : Room Air, Challenge Gas : Nitrogen Dioxide,
Challenge Gas Concentration(s) (in order run) : 1000 ppb, 30 ppb, 50 ppb. 100 ppb. 500 ppb, 1000 ppb.
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Figure D-6 . DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Array,

During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 420. The
Testing Conditions Included the Following:

IGE Array Number : 6, Thin-film Material : Cobalt Phthalocvanine,
Thin-film Thickness : 5.400 Angstroms Test Temperature(s) | Purge & Challenge at 150°C
Purge Gas : Room Air. Challenge Gas : Nitrogen Dioxide.
Challenge Gas Concentration(s) {(in order run) : 1000 ppb. 30 ppb. 50 ppb. 100 ppb. 500 ppb. 1000 ppb.
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Figure D-7 . DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Array,
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 420. The
Testing Conditions Included the Following:

7, Thin-film Material : Cobalt Phthalocyanine,
Thin-film Thickness : 10,500 Angstroms Test Temperature(s) : Purge & Challenge at 150°C
Purge Gas : Room Air, Challenge Gas : Nitrogen Dioxide,
Challenge Gas Concentration(s) (in order run) : 1000 ppb. 30 ppb. 50 ppb, 100 ppb. 500 ppb, 1000 ppb.
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Figure B-8 . DC Resistance Mcasured Between the Driven-Electrode and Floating-Electrode of the IGE Array.
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 419. The
Tesung Conditions Included the Following:

IGE Amay Number : 8, Thin-film Material : Cobalt Phthalocyanine,

Thin-film Thickness : 10.500 Angstroms Test Temperawrets) : Purge & Challenge at 150°C
Purge Gas : Room Air, Challenge Gas : Nitrogen Dioxide,

Challenge Gas Concentration(s) (in order run) : 1000 ppb. 30 ppb, 50 ppb. 100 ppb. S00 ppb. 1000 ppb.
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Figure p-9. DC Resistance Measured Between the Driven-ElectrLode and Floating-Electrode of the IGE Array.
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 419. The
Testing Conditions Included the Following:

IGE Array Number : 9, Thin-film Material : Cobalt Phthalocyanine,
Thin-film Thickness : 10.500 Angstroms Test Temperature(s) : Purge & Challenge at 150°C
Purge Gas : Room Air, Challenge Gas : Nitrogen Dioxide.

Challenge Gas Concentration(s) (in order run) : 1000 ppb, 30 ppb. 50 ppb. 100 ppb. 500 ppb, 1000 ppb.
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Figure D-10 . Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Condiuions: IGE Microsensor
Number 1; CoPc Thin-film (2.500 Angstroms Thick); Temperature of 150 degrees
Centigrade; Nltrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb. 30 ppb, 50
ppb. 100 pph, 500 ppb. 1000 ppb).
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Figure D—11 Gain versus Frequency Responsc of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 1Cy Pc Thin-film (2, 500Angstroms Thick): Temperature of 150 degrees
Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30 ppb, 100
ppb. 500 ppb, 1000 ppb). -8
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Figure D-12 . Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number I;COLEeThin-filmq\z 500 Angstroms Thick); Temperature of 150 degrees
Centigrade; Nitrogen Dioxide Chalienge Gas (Order of Exposures: 1000 ppb, 30 ppb, 100
ppb. 500 ppb, 1000 ppb).
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Figure D—13 Phase Angle versus Frequency Response of IGEFET Microsensor for a
Scries of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 1: CoPc Thin-film (2,500 Angstroms Thick); Temperature of 150
degrees Centigrade: Nltrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30
ppb. 50 ppb. 100 ppb. 500 ppb. 1000 ppb).
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Figuren_1, - Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of ]ioom Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 1; CoPc Thin-film (2,500 Angstroms Thick); Temperature of 150
degrees Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30
ppb. 100 ppb, 500 ppb, 1000 ppb).
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Figure D-15 Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: 1GE
Microsensor Number 1; CoPc Thin-film (2,500 Angstroms Thick); Temperature of 150
degrees Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30
ppb, 100 ppb, 500 ppb, 1000 ppb).
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Figure p-16 Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposurcs. Testing Conditions: IGE Microsensor
Number 4: CoPc Thin-film (5,400 Angstroms Thick); Temperature of 150 degrees
Centigrade: Nltrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30 ppb. 50
ppb. 100 ppb. S00 ppb, 1000 ppb).
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Figure D~17 . Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 4; CoPc¢ Thin-film (5.400 Angstroms Thick); Temperature of 150 degrees
Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures:1000 ppb, 30 ppb, 100
ppb. 500 ppb, 1000 ppb).
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Figure D-18 Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 4; CoPc Thin-film (5,400 Angstroms Thick); Temperature of 150 degrees
Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30 ppb, 100
ppb, 500 ppb, 1000 ppb).
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Figure D-19 . Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: 1GE
Microsensor Number 4; CoPc Thin-film (5,400 Angstroms Thick); Temperature of 150
degrees Centigrade; Nltrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30
prb. 50 ppb. 100 ppb, 500 ppb. 1000 ppb).
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Figure D-20 . phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Roomn Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 4; CoPc¢ Thin-film (5,400 Angstroms Thick): Temperature of 150
degrees Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30
ppb. 100 ppb, 500 ppb, 1000 ppb).
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Figure D-21 Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 4; CoPc Thin-film (5,400 Angstroms Thick); Temperature of 150
degrees Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30
ppb, 100 ppb, 500 ppb, 1000 ppb).
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Figure D—22. Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 9: CoP¢ Thin-film (10,500 Angstroms Thick): Temperature of 150 degrees
Centigrade; Nltrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30 ppb. 50
ppb. 100 ppb. 500 ppb. 1000 ppb).
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Figure D—23. Gain versus Frequency Response of IGEFET Microsenscr for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 9; CoPc¢ Thin-film (10,500 Angstroms Thick). Temperature of 150 degrees
Centigrade: Nitrogen Dioxide Chalienge Gas (Order of Exposures: 1000 ppb. 30 ppb. 100
ppb. 500 ppb, 1000 ppb).
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Figure D-24. Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 9; CoPc Thin-film (10,500 Angstroms Thick); Temperature of 150 degrees
Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30 ppb, 100
ppb. 500 ppb, 1000 pph).
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Figure D=-25. Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: 1GE
Microsensor Number 9: CoPc Thin-film (10,500 Angstroms Thick): Temperature of 150
degrees Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30
ppb. 50 ppb. 100 ppb, 500 ppb, 1000 ppb).
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Figure D=26 . Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions; IGE
Microsensor Number 9: CoPc Thin-film (10,500 Angstroms Thick): Temperature of 150
degrees Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb. 30
ppb. 100 ppb. 500 ppb. 1000 ppb).
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Figure D—27 . Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 9; CoPc Thin-film (10,500 Angstroms Thick); Temperature of 150
degrees Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30
ppb. 100 ppb, 500 ppb, 1000 ppb).
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J Timel_.n_Hours 32
Figure D~-72. DC Resistance Measurcd Between the Driven-Electrode and Floating-Electrode of the IGE Amay.
During Serics of Purges and Challenge Gas Exposures. The Number of Mcasurements (at crosses) is 338. The
Testing Conditions Included the Following:
IGE Array Number : I, Thin-film Material : Cobalt Phthalocyanine.
Thin-film Thickness : 2.500 Angstroms Test Temperature(s) : Purge & Challenge a1 150°C
Purge Gas : Room Air. Challenge Gas : Ammonia,
Chillenge Gas Concentration(s) (in order run) : 500 ppm, 16 ppm. 106 ppm. 250 ppm.
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Figum D~73. DC Resistance Measured Between the Driven-Electrode and Floatin,

. . ¢ - g-Electrode of the IGE Amay
During Series of Purges and Challenge Gas Exposures. The Number of M " is 3 '
Testing Conditi 1 owing: r easurements (at crosses) is 338. The

IGE Array Number : 2. Thin-film Material : Cobalt Phthalocyanine
Thin-film Thickness : 2,500 Angstroms Test Temperature(s) : Purge & Challenge at 150°C
Purge Gas : Room Air, Challenge Gas : Ammonia,
Challenge Gas Concentration(s) (in order run) : 500 ppm, 16 ppm. 106 ppm. 250 ppm.
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Figure D-74. DC Resistance Mcasured Between the Driven-Electrode and Floating-Electrode of the IGE Amay.
During Series of Purges and Challenge Gas Exposures. The Number of Mcasurements (at crosses) is 338, The
Tesung Conditions Included the Following:

IGE Array Number = 3, Thin-fum Matcrial : Cobalt Phthalocyanine.
Thin-film Thickness : 2.500 Angstroms Test Temperaturets) : Purge & Challenge at 150°C
Purge Gas : Room Air, Challenge Gas : Ammonia,

Challenge Gas Concentrationts) (in order run) : 500 ppm, 16 ppm. 106 ppm, 250 ppm.

10

R4_shms

(G, 1)

13

9 Timesd_1n_Hours 32

Figure p-75. DC Resistance Measurcd Between the Dn'ven-Elcchzwe and Floating-Electrode of the IGE Armray.
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 338. The
Testing Conditions Included the Following:

IGE Array Number : 4. Thin-film Material : Cobalt Phthalocyanine,
Thin-film Thickness : 5.400 Angstroms Test Temperaturets) : Purge & Challenge at 150°C
Purge Gas : Room Air, Challenge Gas : Ammonia.

Challenge Gas Concentration(s) tin order run) : S00 ppm. 16 ppm. 106 ppm. 250 ppm.
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Figure -7 . DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Asay,
During g_eries of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 338. The
Testing Conditions Inciuded the Following:

IGE Array Number : S, Thin-film Material : Cobalt Phthalocyanine.
Thin-film Thickness : 5,400 Angstroms Test Temperature(s) : Purge & Challenge at 150°C
Purge Gas : Room Air. Challenge Gas : Ammonia,

Chailenge Gas Concentration(s) (in order run) : 500 ppm. 16 ppm. 106 ppm. 250 ppm.
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Gain (in dB) versus Frequency (in Hz)
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Figure p—77.. Gain versus Frequency Response of IGEFET Microsensor for a Scries of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 1; CoPc¢ Thin-film (2,500 Angstroms Thick); Temperature of 150 degrees
Centigrade: Ammonia Challenge Gas (Order of Exposures: S00 ppm. 16 ppm, 106 ppm.
250 ppm. 500 ppm).
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FigureD-78 . Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 1: CoPc Thin-film (2,500 Angstroms Thick): Temperature of 150 degrees
Centigrade; Ammonia Challenge Gas (Order of Exposures: 500 ppm, 16 ppm, 106 ppm,
250 ppm, 500 ppm).
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Figure D-79phase Angle versus Frequency Responsc of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: 1GE
Microsensor Number 1: CoPc Thin-film (2,500 Angstroms Thick): Temperature of 150
degrees Centigrade: Ammonia Challenge Gas (Order of Exposures: 500 ppm. 16 ppm. 106
ppm. 250 ppm, 500 ppm).
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Figure D=80. Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: 1GE
Microsensor Number 1: CoPc¢ Thin-film (2,500 Angstroms Thick); Temperature of 150
degrees Centigrade: Ammonia Challenge Gas (Order of Exposures: 500 ppm, 16 ppm, 106
ppm, 250 ppm, 500 ppm).
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Figure D-81 . Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 4; CoPc Thin-film (5,400 Angstroms Thick): Temperature of 150 degrees
Centigrade; Ammonia Challenge Gas (Order of Exposures: 500 ppm, 16 ppm. 106 ppm, .
250 ppm. 500 ppm).
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Figure D-82, Guin versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 4: NiPc Thin-film (6,200 Angstroms Thick): Temperature of 150 degrees
Centigrade: Ammonia Challenge Gas (Order of Exposures: 500 ppm. 16 ppm. 106 ppm. .
250 ppm, 500 ppm).
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Figure D-83. Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 4; CoPc Thin-film (5,400 Angstroms Thick): Temperature of 150
degrees Centigrade: Ammonia Challenge Gas (Order of Exposurex: 500 ppm. 16 ppm, 106
ppm. . 250 ppm, 500 ppm).
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Figure D-84. Phase Angle versus Frequency Responsc of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 4: CoPc¢ Thin-film (5,400 Angstroms Thick): Temperature of 150
degrees Centigrade: Ammonia Challenge Gas (Order of Exposures: 500 ppm, 16 ppm, 106
ppm, . 250 ppm 500 ppm)
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Figure

D-85,Gain versus Frequency Response of IGEFET Microsensor for a Series of

Room Air Purges and Challenge Gas Exposures. Testing Conditions: 1GE Microsensor
Number 9: CoPc Thin-film (10,500 Angstroms Thick): Temperature of 150 degrees
Centigrade; Ammonia Challenge Gas (Order of Exposures: 500 ppm, 16 ppm, 106 ppm, ,

250 ppm, 500 ppm)
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Figure D-86. Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 9: CoPc Thin-film (10,500 Angstroms Thick); Temperature of 150
degrees Centigrade; Ammonia Challenge Gas (Order of Exposures: 500 ppm, 16 ppm, 106
ppm, 250 ppm. 500 ppm).
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Figure -p-g33, DC Resistance Measured Between the Driven- Electmde and Floating-Electrode of the IGE Array.
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 237. The
Testing Conditions Included the Following:
IGE Array Number : 1, Thin-film Material : Cobalt Phthalocyanine,
Thin-film Thickness : 2,500 Angstroms Test Temperanure(s) : Purge & Challenge at 150°C
Purge Gas : Room Air, Challenge Gas : Boron Trifluoride,
Challenge Gas Concentration(s) (in order run) : 24 ppm, 48 ppm.
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Figure p-88. DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Armray,
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 237. The
Testing Conditions Included the Following:

IGE Arrsy Number : 2, Thin-film Material : Cobalt Phthalocyanine,
Thin-film Thickness : 2,500 Angstroms Test Temperature(s) : Purge & Challenge at 150°C
Purge Gas . Room Air, Challenge Gas : Boron Trifluoride,

ChnlengeG-Cmmm(l)(naderm) 24 ppm, 48 ppm.

D-60




10
10
R3_ohms
0,1)
8
10
0 Time3_in_Hours 24
i
Figure p-s3q DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Array,
Dunng Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) 15 237. The
Testing Conditions Included the Following:
IGE Array Number : 3, Thin-film Material : Cobalt Phthalocyanine,
Thin-film Thickness : 2,500 Angstroms Test Temperature(s) : Purge & Challenge at 150°C
Purge Gas : Room Air, Challenge Gas : Boron Trifluoride,
Challenge Gas Concentration(s) (in order run) : 24 ppm, 48 ppm.
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Figure  D-g() DC Resistance Measured Between the Driven-Electmde and Floating-Electrode of the IGE Array.
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 237. The
Testing Conditions Included the Following:

IGE Armay Number : 4, Thin-film Material] : Cobait Phthalocyanine,
Thin-film Thickness : 5,400 Angstroms Test Temperamre(s) : Purge & Challenge a1 150°C
Purge Gas : Room Air, Challenge Gas : Boron Trifluoride,

Challenge Gas Concentration(s) (in order run) : 24 ppm, 48 ppm.
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Figure D-91 DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Array,
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 237. The
Testing Conditions Included the Following:

IGE Array Number : 5, Thin-film Material : Cobalt Phthalocyanine,
Thin-film Thickness : 5,400 Angstroms Test Temperamre(s) : Purge & Challenge at 150°C
Purge Gas : Room Air, Challenge Gas : Boron Trifluoride,

Challenge Gas Concentration(s) (in order run) : 24 ppm, 48 ppm.
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Figure p-92 DC Resistance Measured Between the Driven-Elecu}ode and Floating-Electrode of the IGE Array.

During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 237. The
Testing Conditions Included the Following:

IGE Array Number : 6, Thin-film Material : Cobalt Phthalocyanine,
Thin-film Thickness : 10,500 Angstroms Test Temperature(s) : Purge & Challenge at 150°C
Purge Gas : Room Air, Challenge Gas : Boron Trifluoride,

Challenge Gas Concentration(s) (in order run) : 24 ppm, 48 ppm.
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Figure  p-g3 DC Resistance Measured Berween the Dnven-lﬂcctmde and Floating-Electrode of the IGE Array,
During Senes of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 237. The
Testing Conditions Included the Following:

IGE Array Number : 7, Thin-film Material : Cobalt Phthalocyanine,
Thin-film Thickness : 10,500 Angstroms Test Temperature(s) : Purge & Challenge at 150°C
Purge Gas : Room Air, Challenge Gas : Boron Trifluoride,

Challenge Gas Comentmim(s) (in order run) : 24 ppm, 48 ppm.
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Figure  p.g¢ DC Resistance Measured Between the Dnvm-l-:learode and Floating-Electrode of the IGE Amay,
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 237. The
Testing Conditions Included the Following:

IGE Array Number : 8, Thin-film Material : Cobalt Phthalocyanine,
Thin-film Thickness : 10,500 Angstroms Test Tempenme(l) Purge & Challenge at 150°C
Purge Gas : Room Air, Challenge Gas Bomn Trifluoride,

Challenge Gas Concentration(s) (in order run) : 24 ppm, 48 ppm.
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Figure D-95 DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Array,
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 237. The
Testng Conditions Included the Following:

IGE Array Number : 9, Thin-film Material : Cobalt Phthalocyanine,
Thin-film Thickness : 10,500 Angstroms Test Temperature(s) : Purge & Challenge at 150°C
Purge Gas : Room Air, Challenge Gas : Boron Trifluoride,

Challenge Gas Concentration(s) (in order run) : 24 ppm, 48 ppm.
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Gain (in dB) versus Frequency (in Hz)
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Figure D-96, Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 1: CoPc Thin-film (2,500 Angstroms Thick); Temperature of 150 degrees
Centigrade: Boron Trifluoride Challenge Gas (Order of Exposures: 24 ppm, 48 ppm).
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Figure D-97. Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: 1GE
Microsensor Number 1: CoPc Thin-film (2,500 Angstroms Thick); Temperature of 150
degrees Centigrade: Boron Trifluonide Challenge Gas (Order of Exposures: 24 ppm, 48

ppm).
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Figure D-98,. Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 4: CoPc Thin-film (5,400 Angstroms Thick): Temperature of 150 degrees
Centigrade: Boron Trifluoride Challenge Gas (Order of Exposures:24 ppm. 48 ppm).
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Figure D-99,. Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE

Microsensor Number 4: CoPc Thin-film (5,400 Angstroms Thick): Temperature of 150
degrees Centigrade; Boron Trifluoride Challenge Gas (Order of Exposures:24 ppm, 48

ppm).
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Figure p—1 Q. Gain versus Frequency Response of IGEFET Microsensor for a Serics of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 9; CoPc¢ Thin-film (10,500 Angstroms Thick): Temperature of 150 degrees
Centigrade: Ammonia Challenge Gas (Order of Exposures: 24 ppm, 48 ppm).
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FigureD-101. Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: 1GE
Microsensor Number 9; CoPc¢ Thin-film (10,500 Angstroms Thick):; Temperature of 150
degrees Centigrade: Ammonia Challenge Gas (Order of Exposures: 24 ppm, 48 ppm).
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Section 2

This section summarizes the dc resistance versus time plots for the
CoPc films exposed separately to DMMP (Figures D-102 to D-104) and
DIMP (Figures D-105 to D-107) at three temperatures: 150°C; 90°C, and
30°C.
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Figure D102 . DC Resistance Measured Between the Driven-Electrode and
Floating-Electrode of the IGE Array, During Series of Purges and Challenge Gas
Exposures. The Testing Conditions Included the Following:

IGE Array Number : 4,
Thin-film Material : Cobalt Phthalocyanine,
Thin-film Thickness : 5200 Angstroms
Test Temperature(s) : Initial Purge & Challenge at 150°C, Sccond Purge
& Challenge at 90°C, Third Purgc and Challenge at 30°C,
Purge Gas : Room Air,
Challenge Gas : DMMP,
Challenge Gas Concentration(s) (in order run) : 10 ppm.

D-72




13
10
'N
P al
4
J
R5 ohms
(0,1)
L 81a2118 0 02
LAX s AR R
F Al
4
‘“—N*H*fﬂﬂsl
Aliiasdtd
9
10
0 Time5 in_Hours

i
Figurc D- 103, DC Resistance Measurcd Betwecn the Driven-Electrode and
Floating-Electrode of the IGE Array, During Series of Purges and Challenge Gas
Exposures. The Testing Conditions Included the Following:

IGE Array Number : §,
Thin-tilm Material : Cobalt Phthalocyanine,
Thin-film Thickness : 5200 Angstroms
Test Temperature(s) : Initial Purge & Challenge at 150°C, Second Purge
& Challenge at 90°C, Third Purge and Challenge at 30°C,
Purge Gas : Room Air,
Challenge Gas : DMMP,
Challenge Gas Concentration(s) (in order run) : 10 ppm.
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Figure D- 104, DC Resistance Mcasured Between the Driven-Electrode and
Floating-Electrode of the IGE Array, During Series of Purges and Challenge Gas
Exposures. The Testing Conditions Included the Following:

IGE Array Number : 6,
Thin-film Matcrial : Cobalt Phthalocyaninc,

Thin-film Thickness : 5200 Angstroms
Test Temperaturc(s) : Initial Purge & Challenge at 150°C, Sccond Purge
& Challenge at 90°C, Third Purge and Chalienge at 30°C.,
Purge Gas : Room Air,
Challenge Gas : DMMP,
Challenge Gas Concentration(s) (in order run) : 10 ppm.
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Figure D105 | DC Resistance Measured Betwceen the Driven-Electrode and
Floating-Electrode of the IGE Array, During Serics of Purges and Challenge Gas
Exposures. The Testing Conditions Included the Following:

IGE Array Number : 4,
Thin-film Material : Cobalt Phthalocyanine.
Thin-film Thickness : 5200 Angstroms
Test Temperature(s) : Initial Purge & Challenge at 150°C, Second Purge
& Challenge at 90°C, Third Purge and Challenge at 30°C,
Purge Gas : Room Air,
Challenge Gas : DIMP,
Challenge Gas Concentration(s) (in order run) : 3 ppm.
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Figure D-106 . DC Resistance Measured Between the ]lDriven~Elcctrode and
Floating-Electrode of the IGE Armray, During Series of Purges and Challenge Gas
Exposures. The Testing Conditions Included the Following:

IGE Array Number : §,
Thin-film Material : Cobalt Phthalocyanine,
Thin-film Thickness : 5200 Angstroms
Test Temperature(s) : Initial Purge & Challenge at 150°C, Sccond Purge
& Challenge at 90°C, Third Purge and Challenge at 30°C,
Purge Gas : Room Air,
Challenge Gas : DIMP, ,
Challenge Gas Concentration(s) (in order run) : 3 ppm.
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Figure D-107 | DC Resistance Measured Between the Driven-Electrode and
Floating-Electrode of the IGE Array, During Series of Purges and Challenge Gas

Exposures. The Testing Conditions Included the Following:

IGE Array Number :
Thin-film Material

Thin-film Thickness :

Test Temperature(s) :

Purge Gas :

Challenge Gas :
Challenge Gas Concentration(s) (in order run) : 3 ppm.

. Cobalt Phthalocyaninc,

5200 Angstroms
Initial Purge & Challenge at 150°C, Second Purge

& Challenge at 90°C, Third Purge and Challenge at 30°C,
Room Air,
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Appendix E: Response of NiPc Thin-Film Coatings.

This appendix presents a portion of the significant responses to the
challenge gases for the NiPc thin-films evaluated during this investigation.
The appendix is divided into two sections: Section 1 deals with the
responses to challenge gases at 150°C (referred to as the Series II tests in
the thesis body); Section 2 presents information concerning DMMP and
DIMP challenges to NiPc at temperatures of 150°C, 90°C, and 30°C.

Section 1

Resistance and gain and phase angle transfer function responses for
the challenge.and purge cycles are provided as:

-NiPc challenged with NO2 (Figures E-1 to E-21),

--dc resistance measurements versus time,
--gain and phase angle measurements versus frequency,
--sensitivity, and reversibility calculations versus frequency,

-NiPc challenged with NH3 (Figures E-22 to E-36),

--dc resistance measurements versus time,
--gain and phase angle measurements versus frequency,

-NiPc challenged with BF3 (Figures E-37 to E-51),

--dc resistance measurements versus time,
--gain and phase angle measurements versus frequency,
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Figure E- 1 . DC Roesistance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Array.
During Series of Purges and Challenge Gas Exposures.  The Number of Measurements Plotied (at crosses) is 479.
The Testing Conditions Included the Following:

IGE Array Number © |. Thin-film Material : Nickel Phthalocyanine.
Thin-film Thickness : 2,600 Angstroms Test Temperature(s) : Purge & Challenge at 150°C
Purge Gas . Room Air, Challenge Gas = NO2,

Challenge Gas Concentration(s) (in order run) : 1000 ppb. 30 ppb. 30 ppb. 100 ppb. 500 ppb. 1000 ppb.
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Figure E- T °. DC Resistance Meusured Between the Driven-Electrode and Flouting-Elecirode of the IGE Ay,

During Series of Purges and Challenge Gas Exposurcs. The Number of Measurcments Plotted (at crosses) 15 479,
The Testing Condiuons Included the Following:

IGE Array Number : 2, Thin-film Material : Nickel Phthalocyanine.
Thin-film Thickness : 2,600 Angstroms Test Temperawre(s) : Purge & Chalienge at 150°C
Purge Gas : Room Air, Challenge Gas : NO2.

Challenge Gas Concentrationts) (in order run) : 1000 ppb. 30 ppb. S0 ppb. 10U ppb. 500 ppb. 1000 ppb.
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Figurc E- 3

33
DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Amay.
During Series of Purges and Challenge Gas Exposures.  The Number of Measurements Plotted tat crosses) is 479.
The Testing Conditions Included the Following:

IGE Array Number : 3, Thin-film Material : Nicke! Phthalovyanine,

Thin-ilm Thickness : 2.600 Angstroms Test Temperature(s) : Purge & Challenge at 150°C
Purge Gas : Room Air, Challenge Gas : NO2,

Challenge Gas Concentration(s) (in order run) : 1000 ppb, 30 ppb. 50 ppb. 100 ppb, 500 ppb. 1000 ppb.

w.i N7 A
DY l ,\jl[ Lk ¥ \ \
[y [
.\:7 s Timed_:in_Hours
Figure E- &4

40

DC Resistance Mcasured Between the Driven-Electrode and Floating-Electrode of the IGE Array.
During Series of Purges and Challenge Gas Exposures.  The Number of Measurements Ploticd (at crosses) is 479.
The Testing Conditions Included the Following:

IGE Array Number : 4, Thin-film Material - Nickel Phthalocvanine.
Thin-film Thickness : 6,200 Angstroms Test Temperature(s) : Purge & Challenge at 150°C
Purge Gas : Room Air, Challenge Gas : NO2.

Challenge Gas Concentration(s) (in vrder run) : 1000 ppb. 30 ppb. 50 ppb: 100 ppb. 500 ppb. 1000 ppb.
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Figurc E- 5 . DC Resistance Mcasured Between 22 Driven-Electrode and Floating-Electrode of the IGE Armay.
Durmng Series of Purges and Challenge Gus Exposures.  The Number of Mcasurements Plotted (at crosses) is 479.

The Testing Conditions Included the Followiny:
5. Thin-film Material : Nickel Phthalocyanine,
Thin-film Thickness : 6.200 Angstroms Test Temperature(s) : Purge & Chalienge a1 150°C

Purge Gas : Room Air, Challenge Gas : NO2.
Challenge Gas Concentrationts) (in order run) : 1000 ppb. 30 ppb. 50 ppb. 100 ppb, 500 ppb. 1000 ppb.
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Figurc E- ¢ . DC Resistance Mcasured Between the Driven-Electrode and Floating-Electrode of the IGE Array.
During Series of Purges and Chailenge Gas Exposures.  The Number of Measurements Plotted (at crosses) s 479,
The Testing Conditions Included the Following:
IGE Amay Number : 6. Thin-film Material : Nickel Phthalocyaune.
Thin-film Thickness : 6.200 Angstroms Test Temperaturets) . Purge & Challenge at 150°C
Challenge Gas : NO2,

Purge Gas | Room Air,
Chalienge Gas Concentration(s) (in order run) : 1000 ppb, 30 ppb. 50 ppb. 100 ppb. S00 ppb. 1000 ppb.
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Figure E- 7 . DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Array,
Duning Series of Purges and Challenge Gas Exposures. The Number of Measurements Plotted (at crosses) is 479,
The Testing Conditions Included the Following:
Thin-film Material © Nickel Phthalocyanine.

Test Temperature(s) - Purge & Challenge at {50°C

IGE Array Number : 7,
Thin-film Thickness : 12.500 Angstroms
Chuallenge Gas :© NQ2.

Purge Gas : Room Air.
Challenge Gas Concentration(s) (in order run) : 1000 ppb. 30 ppb. 50 ppb. 100 ppb. 500 ppb. 1000 ppb.
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Figure E- 8 . DC Resistance Mcasured Between the Driven-Electrode and Floating-Electrode of the IGE Amay.
During Series of Purges and Challenge Gas Expasures.  The Number of Measurements Plotted tat crosses) is 479,

Thin-fibm Material . Nickel Phthalocyanine,
Purge & Challenge at [50°C

IGE Amay Number : 8, o ¢ )
Thin-tilm Thickness : 12,500 Angstroms est Temperaturees) @ F
o . ¢ Challenge Gas ~ NO2,

Purge Gas : Room Aur, .
Challenge Gas Concentrationts) (in order run) - 1000 ppb. 30 ppb. 50 ppb. 100 ppb. 500 ppb. 1000 ppb.
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Figure E-9 . DC Resistance Measurcd Between the Driven-Electrode and Floating-Electrode ol the IGE Array.
During Series of Purges and Challenge Gas Exposures. The Number of Measurements Plotted (at crosscs) is 479.
The Testing Conditions Included the Following:

IGE Array Number : 9, Thin-film Material : Nickel Phthalocyanine.
Thin-film Thickness : 12.500 Angstroms Test Temperature(s) : Purge & Challenge at 150°C
Purge Gas : Room Air. Chailenge Gas : NO2,

Challenge Gas Concentration(s) (in order run) : 1000 ppb. 30 ppb, 50 ppb. 100 ppb. SO0 ppb. 1000 ppb.
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Figure E-10 . Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor

Number 1; NiPc Thin-film (2,600 Angstroms Thick); Temperature of 150 degrees

Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures:1000 ppb, 30 ppb, S0

ppb. 100 ppb, 500 ppb, 1000 ppb).
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FigureE~11 . Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 1; NiPc Thin-film (2.600 Anestroms Thick): Temoerature of 150 deerees
Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures:1000 ppb, 30 ppb, 50
ppb, 100 ppd, 500 ppb, 1000 ppb). E-8
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Figure E_192 Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 1; NiPc Thin-film (2,600 Angstroms Thick); Temperature of 150
degrees Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30
ppb. 50 ppb, 100 ppb, 500 ppb, 1000 ppb).
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Figure E-13. Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 1; NiPc Thin-film (2,600 Angstroms Thick): Temperature of 150
degrees Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures:1000 ppb, 30
ppb. 50 ppb. 100 ppb. 500 ppb, 1000 ppb).
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Figure p_14
Lurges and Challenge Gas Exposures. Testing Conditions: 1GE Microsensor

Room Air

. Gain versus Frequency Response of IGEFET Microsensor for a Series of

Number 4: NiPc Thin-film (6,200 Angstroms Thick); Temperature of 150 degrees
Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30 ppb, 50
ppb. 100 ppb. 500 ppb. 1000 ppb).
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Figure E-15. Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 4; NiPc Thin-film (6,200 Angstroms Thick): Temperature of 150 degrees
Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures:1000 ppb, 30 ppb, 50
ppb. 100 ppb, 500 ppb. 1000 ppb).
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Figure E-16 Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 4; NiPc Thin-film (6,200 Angstroms Thick); Temperature of 150
degrees Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30
ppb. 50 ppb, 100 ppb, 500 ppb, 1000 ppb).
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Figure E-17 Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 4; NiP¢ Thin-film (6,200 Angstroms Thick); Temperature of 150
degrees Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures:1000 ppb, 30
ppb. 50 ppb. 100 ppb, 500 ppb, 1000 ppb).
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Figure E-18 . Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 9; NiP¢ Thin-film (12,500 Angstroms Thick); Temperature of 150 degrees
Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30 ppb, 50
ppb, 100 ppb, 500 ppb, 1000 ppb).
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Figure E-19. Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor

Number 9; NiPc Thin-film (12,500 Angstroms Thick); Temperature of 150 degrees

Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures:1000 ppb, 30 ppb, 50

ppb, 100 ppb, 500 ppb, 1000 ppb).
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Figure E-20 . Phase Angle versus Frequency Response of IGEFET Microsensor for a

Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: 1GE

Microsensor Number 9; NiPc Thin-film (12,500 Angstroms Thick); Temperature of 150
degrees Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures:1000 ppb, 30

ppb. 50 ppb, 100 ppb, 500 ppb. 1000 ppb).

E-17




P -9
h 18,
a
s -27
e -36
A -45
-54
n
g 63
| -72
e 81
-90
1 1 1 0 1
10 100 1000 10000 100000 1000000
Freguency (log scale)
o Pre-exposure g Challenge #1 {50 ppb Nitrogen Dioxide) e Purge #1
[ Phase Angle (deg) versus Frequency (Hz) l
o
P -9
h 18
a
s -27
e -36
A -45
-54
n 5
g -63
| -72
€ -81
-90°
1 1 L 1 1 I
10 100 1000 10000 100000 1000000
Frequency (log scale)
o Pre-exposure o Challenge #3 (100 ppb Nitrogen Dioxide) & Purge #3
0 Phase Angle (deg) versus Frequency (H2)
x|
P 0
h .
a
s
e
A
n
9
|
e

L} T i 1 Ll L4
10 100 1000 10000 100000 1000000

Frequency (log scale)
o Pre-exposure g Challenge #2 (500 ppb Nitrogen Dioxide)} e Purge #2

Figure E-21 . Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 9: NiPc Thin-film (12,500 Angstroms Thick); Temperature of 150
degrees Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures:1000 ppb, 30
ppb, 50 ppb, 100 ppb, 500 ppb, 1000 ppb).
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Figure E-22 . DC Resistance Measured Between the Driven-Electrode and Floating-Electrode ol the IGE Array.
During Series of Purges and Challenge Gas Exposures. The Number of Mcusurements (at crosscs) is 376, The
Testing Conditions included the Following:

IGE Array Number : I, Thin-film Material : Nickel Phthaiocyanine.
Thin-film Thickness : 2.600 Angstroms Test Temperature(s) : Purge & Challenge at 150°C
Purge Gas : Room Air, Challenge Gas : NH3,

Chalienge Gas Concentration(s) (in order run) : 500 ppm. 16 ppm. 106 ppm. 250 ppm, 500 ppm.
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Figure E- 23 . DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the [GE Array.
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 376, The
Testing Conditions Included the Following:

IGE Array Number © 2. Thin-film Material : Nickel Phthalocyanine.
Thin-film Thickness : 2.600 Angsuoms Test Temperature(s) . Purge & Challenge at 150°C
Purge Gas : Room Aur, Chalienge Gas © NH3.

Challenge Gas Concentration(s) (in order run) : 500 ppm, 16 ppm. 106 ppm. 250 ppm. 500 ppm.
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Figure E-24 . DC Resistance Meusured Between the Driven-Elcctrode and Floating-Electrode ol the IGE Array.
During Series of Purges and Challenge Gus Exposures. The Number of Mcusurements (at crosses) is 376, The
Testing Conditions Included the Following:

IGE Asray Number : 3. Thin-film Material : Nickel Phthalocyanine.
Thin-film Thickness . 2.600 Angstroms . Test Temperature(s) : Purge & Chailenge at 150°C
Purge Gas : Room Air, Challenge Gas : NH3.,
Challenge Gas Concentration(s) (in order run) : 500 ppm. {6 ppm. 106 ppm. 250 ppm, 500 ppm..
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Figure E- 25. DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Armay.
Durwing Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 376, The
Testing Conditions Included the Followinyg:

IGE Array Number . 4, Thin-film Material : Nickel Phthalocyanine,
Thin-tilm Thickness : 6.200 Angstroms Test Temperaturets) - Purge & Challenge a1 150°C
Purge Gas : Room Air. Challenge Gas © NH3.

Challenge Gas Concentrationts) tin order run) : 500 ppm. 16 ppm. 106 ppm. 250 ppm. 500 ppm.

E-20




"
Y

Figurc E- 26 . DC Rosistunce Measured Between the Driven-Electrode and Flouting-Electrode of the IGE Array.
During Series of Purges and Challenge Gas Exposures, The Number of Measurements (at crosses} is 376, The

Testing Conditions Included the Following:

IGE Arruy Number 5. Thin-film Material : Nickel Phthalocyanine,
Thun-film Thickness © 6,200 Angstroms Test Temperaturets) . Purge & Challienge at 150°C
Purge Gas : Room Air, Challenge Gas : NH3,
Chatlenge Gas Concentration(s) (in order run) : 500 ppm. 16 ppm. 106 ppm. 250 ppm. 500 ppm.
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Figure E- 27 . DC Rasistance Measurcd Between the Driven-Electrode and Floaung-Electrode of the IGE Ammay,

Duriny Series of Purges and Challenge Gas Exposures. The Number of Mcasurements tat crosses? is 376, The

Testing Conditions Included the Following:

IGE Armray Number 6, Thin-film Material - Nickel Phthalocyanine,
Thin-film Thickness : 6.200 Angsuyoms Test Temperature(s; - Purge & Challenge ut 150°C
Purge Gas : Room Air, Challenge Gas © NH3.

Challenge Gas Concentration(s) tin order run) : 500 ppm, 16 ppm. 106 ppm. 250 ppm, 500 ppin.
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Figurc E- 28 . DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Armay,
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 376, The
Testing Conditions Included the Following:
IGE Array Number : 7, Thin-film Material © Nickel Phthalocyanine.
Thin-film Thickness : 12,500 Angstroms Test Temperaturets) :© Purge & Chalicnge at 150°C
Purge Gas : Room Air. Challenge Gas : NH3. -
Chalienge Gas Concentrations) (in order run) : S00 ppm. 16 ppm. 106 ppm, 250 ppm. 500 ppm.
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Figure E29 DC Resistance Measured Between the Driven-Electrode and Floating-Electrude ol the IGE Array.

During Serics of Purges and Challenge Gas Exposures. The Number of Mcasurements (at crosses) is 376, The
Testing Conditions Included the Following:

3, Thin-iilm Matenial © Nicke! Phthalocyanine.
Thin-1iim Thickness : 12.500 Angstroms Test Temperaturers) - Purge & Challenge at 150°C

Purge Gas © Room Air, Challenge Gas - NH3.
Challenge Gas Concentration(s) (in order run) : 500 ppm, 16 ppm. 106 ppm. 250 ppm. S00 ppm.

E-22

IGE Array Number -




8

10
3 TimeS_in_Hours

L
Figure E-30 . DC Resistance Mcasured Between the Driven-Electrode and Floating-Electrode of the IGE Array.
During Series of Purges and Challenge Gas Exposures. The Number ol Measurements (at crosses) is 376, The
Testing Conditions Included the Following:

IGE Array Number : 9, Thin-film Material : Nickel Phthalocyanine,
Thin-fibm Thickness : 12.500 Angstroms Test Temperature(s) :  Purge & Challenge at 150°C
Purge Gas : Room Air, Challenge Gas : NH3.

Challenge Gas Concentration(s) (in order run) : 500 ppm. 16 ppm. 106 ppm. 250 ppm. 500 ppm.
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Figure E—% . Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor

Number 1; NiPc¢ Thin-film (2,600 Angstroms Thick): Temperature of 150 degrees
Centigrade: Ammonia Challenge Gas (All Exposures:S0¢ ppm).
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Figure E-32. Phase Angle versus Frequency Response of IGEFET Microsensor lor a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: I1GE
Microsensor Number 1: NiPc Thin-film (2,600 Angstroms Thick): Temperature of 150
degrees Centigrade; Ammonia Challenge Gas (All Exposures:500 ppm).
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Figure E-33 Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microscnsor
Number 4; NiPc¢ Thin-film (6,200 Angstroms Thick): Temperature of 150 degrees
Centigrade; Ammonia Challenge Gas (All Exposures:500 ppm).
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Figure E-34. Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 4; NiPc Thin-film (6,200 Angstroms Thick); Temperature of 150 degrees
Centigrade; Ammonia Challenge Gas (All Exposures:500 ppm).
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Figure

E-35 Gain versus Frequency Response of IGEFET Microsensor for a Series of

Room Air Purges and Challenge Gas Exposures. Testing Conditions: 1GE Microsensor
Number 8: NiPc Thin-film (12,500 Angstroms Thick): Temperaturc of 150 degrees
Centigrade: Ammonia Challenge Gas (All Exposures: S00 ppm).
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Figure -3 - Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 8: NiPc Thin-film (12,500 Angstroms Thick): Temperature of 150
degrees Centigrade; Ammonia Challenge Gas (All Exposures: 500 ppm).
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Figure E- 37 . DC Resistance Mcasurcd Between the Driven-Electrode and Floatng-Electrode of the IGE Array,
During Senes of Purges and Challenge Gas Exposures. The Number of Meusurements (at crossest is 262, The
Testing Conditions Included the Following:

IGE Array Number : |, Thin-film Material : Nickel Phthalocyanine,
Thin-film Thickness : 2.600 Angstroms Test Temperaturets) ;. Purge & Challenge at 150°C
Purge Gas : Room Alr. Challeage Gas : BF3,

Challenge Gas Concentration(s) (in order run) © 10S ppm. 24 ppm.
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Figure E- 38. DC Resistance Measured Between the Driven-Electrode and Floating-Electrixle of the IGE Array.
During Series of Purges and Chullenge Gas Exposures. The Number of Mcasurements (at crosses) is 262, The
Testing Conditions Included the Following:

IGE Array Number : 2, Thin-film Material . Nickel Phthalocyanine.
Thin-film Thickness : 2.600 Angstroms Test Temperature(s)  Purge & Challenge av 130°C
Purge Gas | Room Air, Challenge Guas . BF3.

Chailenge Gas Concentrauonis) (in order run) : 105 ppm, 24 ppm.
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Figure E- 39 . DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Armray.,
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 262, The
Tesung Conditions Included the Following:
IGE Arruy Number @ 3. Thin-film Material : Nickel Phthalocyanine.
Thin-film Thickness : 2.600 Angstroms Test Temperaturets) : Purge & Challenge at 150°C
Purge Gas : Room Aur. Challenge Gas : BF3,
Challenge Gas Concentration(s) (in order run) © 105 ppm, 24 ppm.
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Figure E- 40 . DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Array.
During Serics of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) 1s 262, The
Testing Conditions Included the Following:

IGE Array Number : 4, Thin-film Material : Nickel Phthalocyanine.
Thin-film Thickness : 6.200 Angstroms Test Temperature(s) : Purge & Challenge at 150°C
Purge Gas : Room Air. Challenge Gas = BF3.

Challenge Gas Concentrationds) (in order run) : 105 ppm. 24 ppm.
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Figure E- 41 . DC Resistance Meusured Between the Driven-Electrode und Floating-Electrode ol the IGE Array,

Duriny Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 262. The
Testing Conditions Included the Following:

IGE Arruy Number : S. Thin-film Material : Nickel Phthalocyanine,
Thin-{ilm Thickness : 6.200 Angstroms Test Temperaturets) :© Purge & Challenge at 150°C
Purge Guas : Room Air, Challenge Gas : BF3.

Chalienge Gas Concentrationts) (in order run) : 105 ppm. 24 ppm.
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Figure E- 42 . DC Resistance Measurcd Between the Driven-Electrode and Floating-Electrode of the IGE Armay.
Duriny Series of Purges and Chalienge Gas Exposures. The Number of Measurements (at crosses) is 262, The
Tesuny Conditions Included the Following:

IGE Array Number : 6. Thin-film Material : Nickel Phthalocyanine,
Thin-fitm Thickness : 6,200 Angstroms Test Temperature(s) : Purge & Chaiienge at 150°C
Purge Gas : Room Air. Challenge Gas - BF3.

Challenge Gas Concentrationts) (in order run): 105 ppm, 24 ppm.
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Figure E- 44 . DC Resistance Measured Between the Driven-Electrode and Floaung-Elcctrode of the IGE Amay.
Duning Serics of Purges and Challenge Gas Exposures. The Number of Meusurenients (at crosses) 1s 262, The
Tesung Conditions Included the Following:
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Figure E- 45. DC Resistance Mcasured Between the Driven-Electrode and Floating-Electrode of the IGE Amay.
During Series ol Purges and Challenge Gas Exposures. The Number of Mcasurements (at crosses) is 262, The
Testing Conditions Included the Following:

IGE Array Number @ 9, Thin-fitm Material : Nickel Phthalocyanine,
Thin-film Thickness : 12.500 Angstroms Test Temperature(s) :  Purge & Challenge at 150°C
Purge Gas : Room Air. Challenge Gas : BF3.

Challenge Gas Concentrationts) (in order runj : 105 ppm, 24 ppm.
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Figure p_s¢ - Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air ﬁrges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 1: NiPc¢ Thin-film (2,600 Angstroms Thick); Temperature of 150 degrees
Centigrade: Boron Trifluoride Challenge Gas (All Exposures:105 ppm).
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Figure E-47. Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 1; NiPc Thin-film (2,600 Angstroms Thick); Temperature of 150
degrees Centigrade; Boron Trifluoride Challenge Gas (All Exposures: 105 ppm).
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Figure E=48. Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: 1GE Microsensor
Number 4; NiPc Thin-film (6,200 Angstroms Thick); Temperature of 150 degrees
Centigrade: Boron Trifluoride Challenge Gas (All Exposures:10S ppm).

E-37




®onoY

[Phase Angle (deg) versus Frequency (Hz)|

N

All Plots Follow
Similar Paths

® —Q 3 >

°

T T T T T T
10 100 1000 10000 100000 1000000

Frequency (log scale)
Start-up Purge o Challenge #1 (105 ppm Boron Trifluoride) o Purge #1

220,

o0

o -0 3>

Bhase Angle {deg) versus Frequency (Hz) l

N

All Plots Follow
Similar Paths

o

T T T T T T
10 100 1000 10000 100000 1000000

Frequency (log scale)
Purge #1 o Challenge #2 (105 ppm Boron Tritiuoride) o Purge #2

220
11

-110
-220
-330

P I

-440
-850
-660
-770
-880

m—o0 > >

o

| Phase Angle (deg) versus Frequency (Hz)|

All Three Plots Follow
Similar Paths

L ¥ 1 1 ¥ Ll
10 100 1000 10000 100000 1000000

Frequency (log scale)
Pre-exposure 0 Challenge #3 (105 ppm Boron Trifluoride) o Purge #1

Figure E-49.

Phase Angle versus Frequency Response of IGEFET Microsensor for a

Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 4: NiP¢ Thin-film (6,200 Angstroms Thick): Temperature of 150
degrees Centigrade: Boron Trifluoride Challenge Gas (All Exposures: 105 ppm).
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Figure E=50 . Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: 1GE Microsensor
Number 8: NiPc Thin-film (12,500 Angstroms Thick); Temperature of 150 degrees
Centigrade:; Boron Trifluoride Challenge Gas (All Exposures: 100 ppm).
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Figure E-51. Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 8; NiPc Thin-film (12,500 Angstroms Thick); Temperature of 150
degrees Centigrade: Boron Trifluoride Challenge Gas (All Exposures: 105 ppm).
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Section 2
This section summarizes dc resistance versus time plots for the NiPc

films exposed separately to DMMP (Figures E-52 to E-54) and DIMP
(Figures E-55 to E-57) at three temperatures: 150°C; 90°C, and 30°C.
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Figure E-52 . DC Resistance Measured Between the Driven-Electrode and
Floating-Elcctrode of the IGE Array, During Series of Purges and Challenge Gas
Exposures. The Testing Conditions Included the Following:

IGE Array Number : 7,
Thin-film Matcrial : Nickel Phthalocyanine,

Thin-film Thickness : 6800 Angstroms
Test Temperature(s) : Initial Purge & Challenge at 150°C, Second Purge
& Challenge at 90°C, Third Purge and Challenge at 30°C,
Purge Gas : Room Air,
Challenge Gas : DMMP,
Challenge Gas Concentration(s) (in order run) : 10 ppm.
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Figure E- 33 . DC Resistance Mcasured Between the Driven-Electrode and
Floating-Electrode of the IGE Array, During Series of Purges and Challenge Gas
Exposures. The Testing Conditions Included the Following:

IGE Array Number : 8,
Thin-film Material : Nickel Phthalocyanine,
Thin-film Thickness : 6800 Angstroms
Test Tempcrature(s) : Initial Purge & Challenge at 150°C, Second Purge
& Challenge at 90°C, Third Purge and Challenge at 30°C,
Purge Gas : Room Air,
Challenge Gas : DMMP,
Challenge Gas Concentration(s) (in order run) : 10 ppm.
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Figure E-54 . DC Resistance Measured Between the Driven-Electrode and
Floating-Electrodc of the IGE Array, During Series of Purges and Challenge Gas
Exposures. The Testing Conditions Included the Following:

IGE Array Number : 9,
Thin-film Material : Nickel Phthalocyanine,

Thin-film Thickness : 6800 Angstroms

Test Temperature(s) : Initial Purge & Challenge at 150°C, Second Purge

& Challenge at 90°C, Third Purge and Challenge at 30°C,
Purge Gas : Room Air,

Challenge Gas : DMMP,
Challenge Gas Concentration(s) (in order run) : 10 ppm.
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DC Resistance Measured Between the Driven-Electrode and

Figure E- 55 .
Floating-Electrode of the IGE Array, During Series of Purges and Challenge Gas

Exposures. The Testing Conditions Included the Following:

IGE Array Number :7,
Thin-film Material : Nickcl Phthalocyanine,
Thin-film Thickness : 6800 Angstroms
Test Temperature(s) : Initial Purge & Challenge at 150°C, Second Purge
& Challenge at 90°C, Third Purge and Challenge at 30°C.

Purge Gas : Room Air,

Challenge Gas : DIMP,
Challenge Gas Concentration(s) (in orderrun): 3 ppm.

E-45




12

10

R8_ohms AN

(0,1) ){ X
A

L4

8

10
0 Time8_in Hours
i

Figure E- 36 | DC Resistance Measured Between the Driven-Electrode and
Floating-Electrode of the IGE Array, During Series of Purges and Challenge Gas
Exposures. The Testing Conditions Included the Following:

IGE Array Number : 8,
Thin-film Material : Nickel Phthalocyanine,
Thin-film Thickness : 6800 Angstroms
Test Temperature(s) : Initial Purge & Challenge at 150°C, Second Purge

& Challenge at 90°C, Third Purge and Challenge at 30°C,

Purge Gas : Room Air,
Challenge Gas : DIMP, -
Challenge Gas Concentration(s) (in order run) : 3 ppm.
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Figure E- 57 . DC Resistance Measured Between the Driven-Electrode and
Floating-Electrode of the IGE Array, During Series of Purges and Challenge Gas
Exposures. The Testing Conditions Included the Following:

IGE Array Number : 9,
Thin-film Material : Nickel Phthalocyanine,
Thin-film Thickness : 6800 Angstroms
Test Temperature(s) : Initial Purge & Challenge at 150°C, Second Purge
& Challenge at 90°C, Third Purge and Challenge at 30°C,
Purge Gas : Room Air,
Challenge Gas : DIMP,
Challenge Gas Concentration(s) (in order run) : 3 ppm.
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